Structure and dynamics of symmetric diblock copolymers by Papadakis, Christine M.
Structure and Dynamics of 
symmetric diblock copolymers 
Ph.D. Thesis 
Christine M. Papadakis 
(Institute of Mzks and Physics) 
RoskiIde University 
April 1996 
Abstract 
Symmetric polystyrenepolybutadiene diblock copolymers in the bulk undergo a phase 
transistion from a disordered melt to a lamellar structure upon variation of temperature 
or chain length. The interplay between structure and dynamics and the chain conformation 
has been studied using various scattering techniques. 
A homologous series of ten symmetric polystyrene-polybutadiene diblock copolymers 
was synthesized using living anionic polymerization under inert atmosphere. The samples 
were characterised using NMR, DSC and chromatography and, among others, it was found 
that the samples had narrow molar-mass distributions. The order-disorder transition 
(ODT) temperatures of low molar-mass samples were determined in dynamic mechanical 
measurements. In this way, the Flory-Huggins segment-segment interaction parameter, ,y, 
could be estimated. 
Different sample preparation methods were used in order to test the existence of non- 
equilibrium structures in the ordered state: annealing, solvent-casting and shear align- 
ment. No significant difference in the lamellar thickness according to the preparation 
method has been observed, indicating that the samples are in thermal equilibrium. The 
scaling of the characteristic lengthscale, D, with chain length, N, was studied using small- 
angle X-ray and neutron scattering. Model calculations of the scattering from lamellar 
structures were performed. In the strong-segregation limit (xN II 30-loo), the character- 
istic lengthscale scales like D 0: Nos. In the intermediate-segregation regime around the 
order-disorder transition (xN N 5 - 30), D cc Nos was found. The finding of a crossover 
from the intermediate-segregation regime to the strong-segregation limit is in accordance 
with theories. 
A temperature study of one sample around the ODT temperature using small-angle 
neutron scattering showed that the characteristic lengthscale does not change in a discon- 
tinuous way at the ODT temperature. In contrast, the height and width of the observed 
peak change discontinuously at the ODT temperature. 
Using dynamic light scattering, the dynamic processes (modes) in three low molar-mass 
samples were studied. A new data analysis technique was applied in order to reveal modes 
of relatively low amplitude. Four modes have been identified in the disordered state close 
to the ODT: cluster diffusion, single-chain diffusion due to heterogeneity in composition 
from chain to chain, a mode related to chain stretching and orientation, and the segmental 
reorientational dynamics of the polystyrene blocks. The two latter processes give rise to 
depolarized scattering. In the ordered state, all modes give rise to depolarized scattering, 
which is attributed to the anisotropy of the lamellar structure. In the disordered state, 
the stretching mode was observed to vanish at XN N 5. This is interpreted to be due 
to the transition from Gaussian to stretched chain conformation. The main result of 
the Ph.D. work is that the intermediate-segregation regime is localized between XN N 5 
and 30. 
This report is submitted in partial fulfillment of the requirements for a Ph.D. degree 
at Roskilde University. The supervisors are Dorthe Posselt and Bent C. Jorgensen at 
IMFUFA (Institute of Mathematics and Physics), Roskilde University and Kristoffer Alm- 
da1 at Rise National Laboratory. 
Sammenfatning 
Symmetriske diblokcopolymerer i bulk undergår ved variation af temperatur eller ksede- 
lzengde en faseovergang fra en ordnet lamellar struktur ti1 en uordnet smelte. Ved hjrelp 
af forskellige spredningsteknikker er sammenhsengen mellem de strukturelle og dynamiske 
egenskaber og kmdekonformation blevet undersegt, og et nyt regime identificeret og karak- 
teriseret. 
En homolog serie bestående af ti symmetriske polystyren-polybutadien diblokcopolymerer 
er syntetiseret ved hjzelp af anionisk polymerisation under inert atmosfmre. Preverne er 
blev& karakteriseret ved NMR, DSC og chromatografi og det er b1.a. blev& fundet at pr@ 
Vernes molmassefordelingerne er snasvre. Orden-uorden overgangs (ODT) temperaturerne 
af lavmolekylsere prover er bestemt med dynamisk mekaniske malinger, hvorved Flory 
Hugg& segment-segment vekselvirkningsparameteren, x, kunne estirrrems. 
Forskellige prevepraepareringsmetoder er anvendt for at teste eksistensen af uligevsegts- 
strukturer i den ordnede tilstand: annealing, solvent-casting og shear orientering. Der blev 
ikke observeret signifikant forskel i lameltykkelsen for de forskellige praspareringsmetoder, 
hvilket indikerer at preverne er i termisk ligevzegt. Ved hjmlp af småvinkelrentgen- og 
neutronspredning er det påvist, hvordan den karakteristiske laangdeskala, D, skalerer med 
kmdelsmgden, N. Modelberegninger af spredning fra lamellare strukturer er foretaget. 1 
strong-segregation grasnsen, (xN E 30- lOO), skalerer,den karakteristiske lsengdeskala som 
LJ 0: No.“. 1 intermediate-segregation regimet omkring‘ ODT (xN E 5 - 30) blev D 0: Nos 
furidet. Crossover fia intermediate-segregation regime ti1 strong-segregation gramsen er i 
overenstemmelse med teorierne. 
Et temperaturstudie af en prwe omkring ODT temperaturen med småvinkelneutronspred- 
ning viste, at den karakteristiske afstand ikke eendrer sig diskontinuert ved orden-uorden 
overgangstemperaturen. Både hejden og bredden af den tibserverede top sendrer sig deri- 
mod diskontinuert ved ODT temperaturen. 
Ved hjselp af dynamisk lysspredning blev de dynamiske processer (modes) i tre lavmo- 
lekylmre prever studeret. En ny dataanalysemetode blev anvendt for at afslere processer 
med relativ lav amplitude. Fire dynamiske processer blev identificeret i den uordnende 
fase tmt ved ODT temperaturen: diffusion af clustre, diffusion af enkelte polymerkmder på 
grund af uensartethed i polymersammenssetningen, en protes relateret ti1 ksedestrsekning 
og orientering, samt segmentreorientering i polystyrenblokken. De to sidstnaevnte processer 
blev også observeret i målinger i depolariseret geometri. 1 den ordnede tilstand blev alle 
modes observeret i målinger i den depolariserede geometri, hvad der skyldes anisotropien 
af den lamellare struktur. 1 den uordnede tilstand blev det observeret, at den mode, der 
var relateret ti1 ksedestrrekning, forsvandt ved XN zz 5. Dette tilskrives overgangen mel- 
lem den strakte og gaussiske ksedekonformation. Ph.d. arbejdets hovedresultat er således 
lokaliseringen af intermediate-segregation regimet mellem XN z 5 og 30. 
Denne rapport er indleveret som ph.d. afhandling ved Roskilde Universitetscenter. Vej- 
ledere er Dorthe Posselt og Bent C. Jergensen fra IMFUFA (Institut for Matematik og 
Fysik), Roskilde Universitetscenter samt Kristoffer Almdal fra Forskningscenter Ris@. 
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partment, Rise National Laboratory. The aim of the thesis is to explore the structural 
and dynamic properties of symmetric diblock copolymer systems, focusing on the relation 
between structure and dynamics and chain conformation. An intermediate-segregation 
regime around the order-disorder transition is identified and characterized. 
The thesis is organ&d as follows: An introduction to block copolymers is given in 
Chapter 1. Synthesis of a homologous series of symmetric polystyrenepolybutadiene di- 
block copolymers is described in Chapter 2. The synthesis was carried out at the Physics 
Department at Rise. The samples were characterized using various techniques at Rise 
and at the Department for Life Sciences and Chemistry at Roskilde University (Chapter 
3). Careful sample preparation is prerequisite for studying equilibrium properties of block 
copolymer systems. The methods applied are presented and discussed in Chapter 4. In- 
formation about the scaling of the characteristic lengthscale with chain length is gained 
using small-angle scattering techniques (Chapter 5). Model calculations of the scatter- 
ing of lamellar structures show how the scattering from different lamellar profiles can be 
distinguished. Small-angle X-ray scattering was carried out at IMFUFA using the Kratky- 
camera. These measurements gave information about the scaling behavior, but also about 
the shape of the lamellar density profile. In small-angle neutron scattering experiments, 
which were carried out at Rise, precise data on high-molar mass samples were obtained. In 
addition, it was studied, how the degree of orientation depends on the preparation method. 
Combination of small-angle X-ray and neutron scattering data allowed us to identify the 
cross-over between the strong-segregation limit and the intermediate-segregation regime. 
A temperature study in a narrow region around the order-disorder transition was carried 
out using small-angle neutron scattering (Chapter 6). Dynamic information on-symmetric 
diblock copolymer systems in the disordered and the ordered state was obtained using 
dynamic light scattering. These experiments were carried out during my six months stay 
at the Department of Physical Chemistry, Uppsala University. The results are discussed in 
Chapter 7. In the Appendix, a vacuum oven which was designed for sample preparation, 
and a sledge for measurement of the beam profile of the Kratky-camera are described. 
A model calculation of the scattering intensity of a lamellar profile is presented. Small- 
angle X-ray experiments, which were carried out during a stay at the Service de Chimie 
Moleculaire, Centre de 1’Energie Atomique at Saclay, are discussed. 
5 
6 
Combination of different techniques is characteristic of the field of soft condensed 
matter. It has been very interesting to combine various chemical and physical techniques 
and concepts. Many people have been involved and I would like to thank all of them. 
First of all, I would like to thank Dorthe Posselt for suggesting me to come to this nice 
country, introducing me to the fascinating field of soft condensed matter, and for being a 
good advisor. I learned a lot about small-angle scattering and data interpretation from 
her. Thanks for many discussions and for careful reading of manuscripts! 
Kristoffer Almdal was courageous enough to let a physicist do synthesis in his lab. He 
taught me the art of anionic polymeriation and I learned a lot about polymer science from 
him. The invaluable help of Walther Batsberg Pedersen, Lotte Nielsen, Lene Hubert and 
Anne Bprnke Nielsen from the polymer group at Rise with sample characterization is grate- 
fully acknowledged. Kell Mortensen is thanked for his help with the SANS-experiments. 
I would like to thank Mogens Brun Heefelt, Bent C. Jorgensen, Birthe Saltoft and Inger 
Grethe Christensen for doing their best to help me through the jungle of administration. I 
finished the thesis as an employee at IMFUFA and I thank my colleagues for giving me the 
freedom to write in peace. Thanks also for teaching me the art of teaching and of project 
work. Special thanks go to Niels Boye Olsen, Tage Christensen and Jeppe Dyre for good 
collaboration, many interesting seminars and study groups. Ib Host Pedersen and Torben 
Steen Rasmussen are thanked for assisting with all kinds of technical problems. Mogens 
Holte Jensen, Jan-Ole Nielsen and Hans Wallin are thanked for making useable sample 
holders, vacuum ovens and sledges out of my drawings. The help of Marten Langgird, 
Poul Erik Hansen and Annelise Gudmundsson from the Department for Life Sciences and 
Chemistry with the NMR-analysis is gratefully acknowledged. Ritta Bitsch made beautiful 
drawings for me. 
I am grateful to Wyn Brown for giving me the opportunity to work as a member of 
hi group at the Department of Physical Chemistry, Uppsala University, and for teaching 
me a lot about dynamic light scattering. Thanks to Bob Johnsen for his help with the 
data analysis. The other members of the light scattering group are thanked for creating a 
friendly and international atmosphere. The financing of my stay in Uppsala by the Danish 
Research Academy is gratefully acknowledged. 
I spent two weeks with the X-ray scattering group at the Service de Chimie Moleculaire, 
Centre de 1’Energie Atomique at Saclay and I would like to thank Thomas Zemb, Didier 
Gazeau and Frederic Nk for their hospitality. Lise Arleth is thanked for her help during 
my stay. A travel grant from Riipr National Laboratory is gratefully acknowledged. 
The rheology group consisting of scientists from the Copenhagen region provided a 
forum for discussing linear response functions, the rheological properties of yoghurt and 
even block copolymer phase behavior! Thanks also to John Ipsen and Bernd Dammann 
from the Department of Physical Chemistry at the Technical University for being enthu- 
siastic about scaling concepts. Sokol Ndoni is thanked for many good discussions about 
anionic polymerization. Thanks to Otto Glatter from the University of Graz for giving an 
excellent summercourse on scattering techniques in soft materials science and for discus- 
sions about Kratky-cameras and data analysis. Thanks also to all the scientists from far 
and near for their interest in my work! 
Finally, I would like to thank Bernd for sharing the adventure of living in Denmark 
and for all his support and friendship. Thanks also to my parents for providing us with 
Greek honey and German wine! 
List of Publications 
C. M. Papadakis, K. Almdal, and D. Posselt, 
Molar-mass dependence of the lanellar thickness in symmetric diblock copolymers. 
11 Nuovo Cimento 16D, 835 (1994). 
S. Ndoni, C. M. Papxlakis, F. S. Bates, and K. Almdal, 
Laboratory-s&e setup for anionic polymerization under inert atmosphere. 
Review of Scientific Instruments 66, 1090 (1995). 
C. M. Papadakis, W. Brown, R. M. Johnsen, D. Posselt, and K. Aimdal, 
The dynamics of symmetric polystyrene-polybutadiene diblock copolymer melts studied 
above and below the order-disorder transition using dynamic light scattering. 
Journal of Chemical Physics 104, 1611 (1996). 
Chapter 1 
An introduction to block 
copolymers 
Block copolymers are macromolecules containing different species of monomers, which are 
arranged in blocks (Fig. 1.1). The mcmomers constituting the blocks are in most cases 
immiscible. Diblock copolymers consist of two different monomer species (A and B). 
Even though they represent a very simple architecture, they exhibit a rich phase behavior 
which is far from being understood [l]. According to the temperature and the chain 
length, diblock copolymers in the bulk (i.e. without solvent) form a disordered melt or 
an ordered structure. Symmetric diblock copolymers in the ordered state form a lamellar 
structure (Fig. 1.2). Even in the ordered state, the structure is amorphous locally, but 
the superstructure is ordered and is reminiscent of the crystal structure found in atomic 
crystals. The parameters governing block copolymer phase behavior are discussed in the 
next section. 
Polymers may be considered as an example of soft materials, also termed complex 
fluids [2]. Other examples for soft materials are Colloids, liquid crystals, micellar and 
biological systems. Common to all these materials. are the weakness of enthalpic inter- 
actions (compared to traditionally studied solids, e.g. ionic crystals) and the important 
role of entropy, which is closely related to the mechanical softness. Even in the ordered 
state, block copolymers are amorphous, a large number of conformations is possible for 
each polymer. Self-organisation on large lengthscales is characteristic for soft materials, 
one example being the lamellar structure formed in block copolymer systems. In fact, 
the morphologies found in block copolymers are reminiscent of those observed in liquid 
crystals [3]. Soft materials science is characterised by being interdisciplinary. A variety of 
chemical and physical methods are normally used for sample characterisation, which also 
was the case in the present study. 
The present study focuses on the chain conformation of symmetric diblock copolymers. 
In a first instant, we will review, how the chain conformation of simple homopolymers (lin- 
ear chains) can be described. A linear, flexible chain (Fig. 1.3) can take up an encmrmcms 
number of configurations. Therefore, statistical methods are used in order to describe the 
shape of a polymer. A good description of the global properties (e.g. the overall coil size) 
can be given, even though local properties, such as steric hindrances, are neglected. In a 
first instant, a linear chain molecule can be modelled as a chain of mass points, which are 
9 
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diblock 
Figure 1.1: Some polymer-polymer (dashed and solid curves) molecular architectures at- 
tainable through the polymerization of two distinct monomers. Adopted from [l,l. 
ORDERED DISORDERED 
Figure 1.2: Schematic representation of order and disorder in a symmetric diblock copoly. 
mer showing lamellar order. Adopted from [I]. 
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Figure 1.3: A random, coil in three dimensions. The number ofsteps, N, was N 4000. The 
end-tc+end vector &,,, (i$) and the radius of gyration Rg are indicated. Adopted from 
141. 
connected by bonds, all bond vectors ii,, i = 1,. . , N, having the same length, a. This 
corresponds to a random flight in three dimensions: The direction of each step is inde 
pendent of the previous one (Fig. 1.3). The average value of the squared the end-to-end 
distance reads [5] 
The last term is zero when the directions of the bond vectors are completely uncorrelated. 
In this case, the average length of the end-to-end vector, 8,,, is given by [5] 
(R;,)‘/2 = &I2 (1.2) 
where N denotes the number of steps. The chain conformation of a random flight is termed 
Gaussian, because the distribution of the end-to-end distance is a Gaussian distribution, 
centered at R,, = 0 [5]. A messure of the size of a linear chain is the radius of gyration, 
R,. It is defined as the root-mean-square distance of the collection of maSs points from 
their common center of gravity [5]: 
(1.3) 
s; denotes the distance from the jth mass point from the center of mass. It has been 
assumed that all masses are equal. For random flights [5] 
(R;) = (R:J/6 (1.4) 
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Thus, the average radius of gyration of a Gaussian chain is given by 
Eq. 1.5 is only valid for long chains: i.e. iarge values of N. If N is sufficiently small, the 
radius of gyration is proportional to N [5]. 
Real polymer chains are self-avoiding. For self-avoiding random flights, the radius of 
gyration scales with a slightly higher exponent: (Ri)‘/’ cx N6, 6 y_ 3/5 [5]. For real 
polymers, the scaling of the radius of gyration with chain length like (Ri)“* cc N3/j is 
observed with polymers in dilute solution in a good solvent. The chains are ‘swoilen’. 
Surprisingly, in a dense melts of polymers, the random flight result (Rj)‘/’ cc N’/’ is 
recovered. The repulsive force created by the fact that polymers are self-avoiding, is 
screened by the other polymers present [S]. In the same way, scaling with an exponent 
of l/2 may describe the polymer conformation in a solvent which is just between being 
good and poor. The chain conformation is neither swollen nor collapsed. Such solvents 
are termed &solvents. 
Figure 1.4: (ai Original chain and (b) new chain, in which X,= 2. Adopted from 171. 
We will now have a closer look on the variation of the average radius of gyration when 
the variables N and a are transformed [7]. The variables N and a are transformed as 
follows: N + N/X and a + aXs. This corresponds to a new chain which has less segments, 
but these segments have a higher segment length than in the old chain (Fig. 1.4). The 
radius of gyration has the dimension of a length and is dependent on the chain length. It 
can in general terms be written as: (R,2)‘12 = af(N). When transforming the variables a 
and N as given above, the radius must not change: Le. it is scale-invariant: 
(R;)‘/” = af(N) = dsf (;) 
This leads to the following condition for J(N) 
This equation is only satisfied when 
f(~) = const. x Ns P.8) 
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The radius of gyration thus scales like 
(R;)'f2 oc aNs (1.9) 
Thus, from a simple argument about the dimension of the radius of gyration and its func- 
tional behavior on the segment length and the chain length, the scaling of the end-to-end- 
distance with chain length can be deduced. However, the prefactor must be determined in 
more elaborate calculations or by comparison with experiment. The exponent 6 is l/2 for 
Gaussian chairq i.e. for N + co, however, for very short chains, the Gaussian assumption 
breaks down, and b = 1. 
r -CH- -T- CH2-- CH=CH-CH2 
L 
Figure 1.5: Polystyrene (left fIgurej and polybutadiene monomer. 
In real polymers, there are local restrictions, such as restrictions of bond angles. Con- 
sider, for example, polystyrene or polybutadiene (Fig. 1.5). Polystyrene has bulky side- 
groups which hinder adjacent monomers of~rotating freely around the backbone. Polybu- 
tadiene contains double bonds in the backbone which cannot rotate freely. Flory has 
shown that incorporation of these local effects does not change the exponents [5]; only the 
prefactors change. Therefore, a, which denotes the length of a statistically independent 
segment, may be much larger than the length of a chemical repeat unit (monomer). a can 
be determined by measuring the radius of gyration in dilute solution .in a &solvent [4]. 
Knowledge of the number of monomers, N: and the exponent allows determination of a. 
In diblock copolymers, the situation is different in the disordered and in the ordered 
state. Deep in the disordered state: the repulsive interactions between different monomers 
are weak, and A- and B-monomers are evenly distributed. The chain conformation is 
close to Gaussian [8, 91. In the ordered state, knowledge about the lamellar thickness 
gives information about the chain conformation. In the lamellar state, the two blocks are 
removed from each other. The chains are dumbbell-like and stretched perpendicular to the 
interface. As will be reviewed in Chapter 5.1, the lamellar thickness has been predicted 
to scale like Rg IX N213 [lO].r In Chapters 5 and 6: the chain conformation of diblock 
copolymers in a large region of phase space will be discussed. 
‘In the following, we will use R, instead of (Ri)“‘. 
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As described above, many lengthscales are involved in polymer systems. Polymers 
are constituted of segments which consist of a group of atoms. Typical bond lengths are 
1.45 8, for a carbon-carbon bond [Ill. Typical segment lengths are several Angstrems, N 7 
A for the polystyrene segment. The segments form the chain which, dependent on the chain 
length, N, may have a radius of gyration of up to some thousand Angstems. In a melt, the 
chain is intertwinned with many other polymers. This hierachical structure is reflected in 
the dynamics. The lengthscales correspond to certain typical timescales. On a local scale, 
single segments may rotate or vibrate. These are fast processes. Another dynamic process 
are movements of parts of the polymer chain relatively to each other. These processes 
have been described by Rouse [7]. In the Rouse model, the chain is considered a series of 
masses which are connected by springs. The relaxation times of the eigenmodes on this 
spring can be calculated. These modes are termed internal chain modes. In addition, the 
chain as a whole may diffuse in its environment. The environment may be the solvent or, 
in the melt, the other chains. This process can be very slow, especially when the chains 
are very long and strongly entangled. In the latter case, a single chain reptates in the 
tube which is made up by the other polymers [6]. This movement is very slow. These 
complex dynamic properties on a large range of timescales are responsible for the special 
mechanical properties of polymeric materials [12]. On short timescales, polymer melts 
may appear elastic, whereas they flow on long timescales. 
In block copolymer systems in the bulk, the situation is even more complicated. The 
segmental dynamics may have different relaxation times for the two blocks [13]. The repul- 
sive interaction between different segments has an influence on the internal chain relaxation 
processes. The diffusion constant of single chains is also influenced by the repulsive inter- 
actions between different segments 1141. An interesting subject is the dynamics of block 
copolymer chains in the disordered state close to the ODT. In this region, concentration 
fluctuations persist, and the chains are slightly stretched. The influence of the change in 
chain conformation on the internal chain dynamics and the chain diffusion is adressed in 
Chapter 7. Studying the dynamics of block copolymers allows to elaborate their chain 
conformation, e.g. the degree of chain stretching. In the lamellar state, diffusion of single 
block copolymer molecules is hindered: the chains diffuse mostly along the interfaces [15]. 
A survey of the dynamic processes encountered in block copolymer systems is given in 
Chapter 7. 
Thus, the structural and dynamic properties of diblock copolymers are complex, in 
spite of their simple architecture. In the following sections, we will focus on the phase 
behavior and then discuss the interplay between structure and chain conformation. 
1.1 The phase behavior 
The phase behavior of A-B diblock copolymers can be described in terms of the overall 
degree of polymerisation or chain length, N, the volume fraction of one block, f, and 
the Flory-Huggins segment-segment interaction parameter, x. All three parameters are 
controllable during the synthesis by choice of monomers and by stoichiometry. In case of 
symmetric diblock copolymers, which is considered here, f = 0.5. 
The Flory-Huggins parameter, x, describes the net interaction between different seg- 
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Figure 1.6: Experimentally determined phase diagram of poJystyrene-polyisoprene 
together with schematical drawings of the observed morphologies. The dash-dotted line is 
the mean-field prediction for the ODT. For explanations see text. Adopted from 1161. 
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ments (A and B) and is defined by [17] 
x = & CAB - &AA + EBB) 1 
where Eij denotes the contact energy between i and j segments and iEg the Boltsmann 
constant. !CBTX represents the change in enthalpy when bringing, say, an A-segment from 
a pure A-environment to a pure B-environment [18]. If x is negative, mixing is favorable, 
this may be the case with hydrogen bonding; if x is positive, the interaction between 
different segments is repulsive. The physical origin of the interaction between nonpolar 
monomers, such as the polystyrene or polybutadiene monomers, is the van der Waals- 
interaction, also termed ‘dispersion forces’ [19]. These forces arise from the fluctuating 
electric field created by the electrons oscillating around the nucleus in an atom, which may 
polarize nearby atoms. The resulting interaction between two equal atoms can be shown to 
be attractive [19]. Dispersion forces are at the origin of the crystallization of noble gases, 
for instance. The total intermolecular pair potential is obtained by adding the long-range 
attractive van-der-Was&potential (K l/r6) and the repulsive hard-core potential, which 
is short-ranged (IX l/ri2). The simple picture valid for small spherical atoms has to be 
refined for anisotropic molecules, such as polymer segments, which may align each other 
upon mixing. An extra term containg these entropic contributions is therefore added to 
the interaction parameter between dissimilar species: 
where a contains the enthalpic interactions described above (Eq. 1.10) and b the entropic 
effects of non-random segment packing. In principle, x can be calculated; however, for 
most applications, it is determined experimentally. In this study, the interaction parameter 
of the styrenebutadiene pair was determined using the prediction XN IT 10.5 at the ODT, 
which is valid for symmetric diblock copolymers (Chapter 3). 
A recent phase diagram for polystyrenepolyisoprene diblock copolymers, which was 
established experimentally [16] is shown in Fig. 1.6. Within mean-field theory, the phase 
behavior is described in terms of the combined parameter XN and the composition f. The 
use of XN as a combined parameter is a result of mean-field theory [8]. The ensemble of 
molecular configurations that leads to the minimum overall Gibbs free energy represents 
the equilibrium state [17]. At very high temperatures, the interaction between dissimi- 
lar segments, x, is small and the system forms a homogenous, disordered melt. As the 
temperature is lowered, the contact enthalpy increases, which is balanced by reducing the 
number of contacts. However, segregation is opposed by the associated loss in entropy. At 
XN 21 10 for symmetric diblock copolymers, the system eventually orders and, according 
to the composition, f, forms one of the morphologies shown in Fig. 1.6. This phase transi- 
tion is called the order-disorder transition (ODT) and is predicted to be a weak first-order 
transition [20]. There are several differences between the experimentally determined phase 
diagram and the theoretical predictions: The ODTs determined experimentally differ from 
the predicted line. In addition, several morphologies appear which were not predicted by 
theory, such as the Ia3d and the HPL morphologies. The experimental phase diagram is 
not symmetric which is attributed to the conformational asymmetry of the two blocks. 
From this example, it can be concluded that the phase behavior of systems as simple as 
diblock copolymers in the bulk is far from being understood. 
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Figure 1.7: Theoretical phase diagram of a symmetric polymer blend where both species 
have the same chain length. Parameters describing the phase behavior are the volume 
fraction of component A, #A and the product XN (see text). The dotted line represents 
the spinodal, i.e. the limit of stabiiity. Adopted from 1171. 
It is worthwhile to discuss the differences between binary mixtures of homopolymers 
and of diblock copolymers [17]. Binary mixtures of immiscible polymers display an upper 
critical solution behavior: when a homogeneous mixture is cooled below a certain tem- 
perature, the melt becomes thermodynamically unstable and macroscopic demixing takes 
place. Parameters governing the phase behavior are the volume fraction of one component 
(A): $A, and; in the symmetric case (i.e. both components have the same chain length, 
iVA = NB = X), the product xN. In this case, the critical point is located at XIV = 2. 
A phase diagram of a symmetric binary polymer blend is shown in Fig. 1.7. Connecting 
the polymers pairwise by a covalent bond, which results in diblock copolymers, changes 
the behavior drastically: Diblock copolymers cannot demix macroscopically, but form 
ordered microphaseseparated morphologies. In the disordered state between XN Y 4 
(N = NA + NB) and the ODT (xiv L_ IO), the system can be considered as being frus- 
trated [21]. The homopolymer blend would demix and form large domains, but diblock 
copolymers are prevented from demixin, u due to the bond. This frustration leads to im- 
portant concentration fluctuations. It should be noted that the term ‘phase diagram’ is 
not appropriate in a rigorous sense to the diagrams shown here because XN and f are no 
intensive variables; however, it will be used here for traditional reasons. 
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Figure 1.8: Illustration of the five regimes for symmetric diblock copolymer melts. The 
upper figures of the local number density of A-segments, #A, provide a qualitative sense 
of the variation in the amplitude of the local composition as a function of xN. The lower 
figures depict the corresponding spatial patterns associated with each regime. Adopted 
from 1221. 
1.2 Structure and chain conformation 
The present study aims at describing the phase behavior of symmetric diblock copolymers. 
They form a lamellar structure for large values of xN. A schematic representation of the 
disordered and the lamellar state is shown in Fig. 1.2. A subject of fundamental interest 
is the interplay of structure and chain conformation. A schematic illustration is given in 
Fig. 1.8. Deep in the disordered state, the repulsive interaction between different segments 
is small and the melt is nearly homogeneous. The local number density of A-segments, 
$A, is similar to the stoichiometric number density, fA, throughout the sample. In the 
homogeneous state, the chains are Gaussian (R, cc Nr/s) [9] (Fig. 1.9). 
Deep in the ordered state, the two blocks are confined in the lamellae and the chains 
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are stretched. The interphases between .4- and B-rich domains are narrow, i.e. the concen- 
tration profile is close to rectangular. This regime is referred to as the strong-segregation 
limit: SSL. Mean-field theories predict a scaling of the lamellar thickness with chain length 
as D cc Nzi3 [lo] resp. D cx N os43 [23]. These theories are reviewed in Chapter 5. 
In N 
Figure 1.9: Variation of the position of the maximum in scattered intensity with chain 
length, indicating the stretch& e of the chains prior to the ODT. The peak position is 
inversely proportional to the characteristic lengthscale in the system. Adopted from 191. 
The intermediate region around the ODT is more difficult to describe. Coming from 
the homogeneous state, composition fluctuations arise in the vicinity of the ODT, i.e. #A 
differs locally from f,~. The melt orders at XN = 10.5 + A(xN). XN ti 10.5 is the mean- 
field prediction for symmetric diblock copolymer systems [8]. The correction term, A(xN): 
was found by taking fluctuations into account [20]. As fluctuations stabilize the disordered 
state, the ODT determined using fluctuation theory occurs at a lower temperature than 
predicted by mean-field theory. As shown in Fig. 1.9: deviations from the Gaussian scaling 
have been found in a region around the ODT [9]. A s concentration fluctuations become 
important, the chains stretch, thus the centers of mass of the A- and B-blocks are separated 
slightly. This Gaussian- to stretched-coil transition has been identified to occur at XN 2: 6 
[22], thus quite deep in the disordered state. At the ODT; the chains were found to be 
stretched by 13% with respect to their unperturbed dimension. Interestingly, the exponent 
was higher than the values predicted for the SSL, b = 2/3 [lo] and 6 = 0.643 [23]. The 
identification of a Gaussian- to stretched-coil transition coincides with the results from 
numerous Monte Carlo simulations [24, 25: 261 and theory [27]. 
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In the ordered state close to the ODT, the concentration profile can be shown to be 
close to sinusoidal (Chapter 5.4). Some mixing of A- and B-monomers thus takes place 
in the interphase which has an influence on the balance of enthalpy and entropy. Up to 
XN N 33, the same scaling behavior as in the disordered state close to the ODT was 
found: b = 0.8 [9]. 
The theories describing block copolymer phase behavior and the scaling of the charac- 
teristic lengthscale will be discussed in Chapter 5.1. 
A comment seems appropriate on the classification of the different regimes. The term 
‘weak-segregation limit’ (WSL) has traditionally been used for the region in the vicinity 
of the ODT. The shape of the density profile was assumed to be sinusoidal; and the chain 
conformation was assumed to be Gaussian. This regime was first described by Leibler [S]. 
However, experiments have shown that, at the ODT, the chains are stretched (Fig. 1.9, 
191). Only deep in the disordered state, the chains are Gaussian. In Fig. 1.8, the weak- 
segregation limit is therefore located at XN < 10.5. In the present work, we will not 
use the term WSL in order to avoid confusion. Instead, we will term the region deep in 
the disordered state ‘homogeneous’, the region around the ODT ‘intermediate-segregation 
regime’ (ISR) and the region deep in the ordered state ‘strong-segregation limit’. 
1.3 The present study 
The present study focused on the intermediate-segregation regime around the ODT. 
A homologous series of ten symmetric polystyrenepolybutadiene diblock copolymer 
samples was synthesized [28]. Synthesis and characterization are described in Chapters 2 
and 3 [29]. This particular block copolymer was chosen because the interaction parameter 
is relatively high; thus, a large region in phase space could be examined with polymers 
having moderate molar masses. 
In order to identify the cross-over between the ISR and the SSL, the characteristic 
lengthscale was studied as a function of chain length at a fixed temperature (i.e. at a fixed 
value of x). A region XN N 5 - 100 was explored. Different sample preparation methods 
were applied in order to bring the samples into thermal equilibrium: annealing, shear 
alignment and solvent-casting. A combined small-angle X-ray (SAXS) [29] and neutron 
scattering (SANS) study was performed in order to cover a large range of scattering 
vectors. Model calculations show how different lamellar structures can be distinguished. 
The scattering experiments and the results are discussed in Chapter 5. A cross-over 
between the intermediate region and the strong-segregation limit was identified at XN N 
30. In the SSL (xN > 30), the characteristic lengthscale scales with chain length like D cc 
N”.6. The density profile has narrow interfaces. In the ISR (xN < 30), the characteristic 
lengthscale was found to scale like D cc NO.*. The density profile is smooth. 
A temperature study with one sample around the ODT temperature was carried out 
using SANS in order to study the behavior of the characteristic lengthscale at the ODT 
(Chapter 6). No discontinuous change of the characteristic lengthscale was observed at 
the ODT temperature. 
The dynamic properties of three low molar-mass samples were studied using dynamic 
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light scattering (Chapter 7). Four dynamic processes were identified in the disordered 
state: cluster diffusion (long-range heterogeneities), singlechain diffusion, a mode related 
to chain stretching and orientation, and segmental re-orientational dynamics. With the 
lowest molar-mass sample, the stretching mode was observed to vanish at XN N 5 which 
was interpreted as the Gaussian-to-stretched-coil transition. The intermediate-segregation 
regime is thus located between XN N 5 and 30. 
Chapter 2 
Synthesis using anionic 
polymerization 
(The synthesis was carried out in collaboration with Kristoffer Almdal, Ris# National 
Laboratory.) 
A homologous series of symmetric polystyrenepolybutadiene diblock copolymers was 
synthesized using anionic polymerization, which is a ‘living’ polymerization technique. A 
high degree of control over polymer chain architecture can be achieved [30]. Synthesis of 
tailor-made polymer systems, such as block copolymers, graft or star polymers or polymers 
with functional endgroups is possible. The molecular architecture depends only on the 
choice of the functionality of the initiating molecule and on the way, the different monomer 
species are added during the polymerization reaction. In addition, living polymerization is 
the method of choice for synthesizing polymers with very narrow molar mass distributions. 
The technique is at present the only one allowing synthesis of block copolymers with 
controllable volume fractions. Synthesis of quantities of sample large enough for rheological 
and small-angle scattering studies is possible. 
For the synthesis of polystyrene-polybutadiene diblock copolymers, a monofunctional 
initiator is chosen, and the different monomer species (styrene and butadiene) are added 
sequentially. As nearly 100% of the monomers are polymerized, the overall molar mass 
and the volume fraction of one block can be controlled by the amount of monomer and the 
amount of initiator, i.e. by simple stoichiometry. Due to the reactivity of the growing ends, 
the polymerization reaction must be conducted under dry and oxygen-free conditions which 
is crucial for obtaining narrow molar-mass distributions. This is achieved by purifying 
all reagents and flasks with great care and by carrying out the synthesis under clean 
conditions. Traditionally, anionic polymerization has been carried out under high vacuum. 
However, synthesis under a slight overpressure of purified inert gas, which was performed in 
the present study, offers comparable control over the molar-mass distribution and is easier 
and faster to run [28]. In this way, a homologous series of eleven polystyrenepolybutadiene 
diblock copolymers with molar masses between 9200 and 183000 g/mol having the same 
volume fraction, f = 0.5: was synthesized in batches between 25 and 120 g/mol. 
23 
24 CHAPTER 2. SYNTHESIS USING ANIONIC POLYMERIZATION 
In the following, the reaction kinetics, the set-up, the purification procedures, the way 
of controlling the molecular architecture, and the reaction process will be presented. The 
characteristics of the synthesized polymer samples will be given. 
2.1 The mechanism of polymerization 
The polymerization of a polystyrenepolybutadiene diblock copolymer follows a scheme 
with five steps: initiation (l), propagation of the styreneblock (2), crossing to the poly- 
merization of butadiene (3), propagation of the butadieneblock (4), and termination with 
methanol (5): 
(1) S + secBuLi * (Bu S)-Li+ 
ii; 
(Bu @),)-Lit + S + (Bu @),+I)-Li+ 
(Bu (S)Ns)-Lit + B + (Bu (S)N, B)-Li+ 
(4) (Bu (S)NsB,)-Li+ + B -$ (Bu (S)N~ B,+r)-Li+ 
(5) (Bu (S)N~ (B)Ns)-Lit + CHsOH --t Bu (S)N, (B)N~ H + CHsOLi 
where S stands for styrene, B for butadiene, Bu for butyl and secBuLi for see-butyllithium. 
The overall number of monomers is N = Ns + NB. It should be noted that this number 
is not the same as the chain length which is used below. The chain length is based on the 
polybutadiene monomer volume. 
The distribution of molar mass is narrow because of the following reaction characteris- 
tics 1301: Virtually each initiator molecule starts a polymerization. The initiation reaction 
is fast compared to chain propagation. The polymerization is termination-free, i.e. the 
initiated polymers are all the time reactive enough to bind more monomers as long as there 
are monomers present. This is the reason for calling them ‘living’ polymers. In order to 
terminate the reaction (to ‘kill the polymer’), some reagent (in this case methanol) has 
to be added. Chain transfer is considered to be negligible. Sidechain reactions can be 
avoided by the choice of reaction temperature. 
Polymerization of polystyrene-polybutadiene diblock copolymers was carried out as 
follows: The reaction took place under an atmosphere of purified inert gas (here: ar- 
gon) and in a nonpolar solvent, in the present case cyclohexane. Cyclohexane was chosen 
because it is a solvent for both styrene and butadiene. An organolithium compound (sec- 
butyllithium) was chosen as an initiator, which also is soluble in cyclohexane. First, an 
amount of styrene monomer was added to the solution of the initiator in cyclohexane. 
When the calculated reaction time for the styrene block had passed, an amount of butadi- 
ene monomer was added. After the reaction time for the butsdiene block, methanol was 
added to stop the polymerization. The polymer was then precipitated, dried and treated 
further for structural analysis. 
It is extremely important that all the reagents are as pure as possible because impurities 
can stop the polymerization and thus lead to a broadening of the molar mass distribution. 
Therefore, prior to synthesis, monomers were distilled with compounds removing water, 
air and other impurities and were kept under vacuum. The argon gas used was cleaned 
by passing it through substances which remove water and air. Cyclohexane was distilled 
under argon with polystyryllithium which reacts with impurities. Flasks were flamed and 
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the reactor was baked under vacuum in order to remove water from the inner glass walls. 
These purification procedures will be described in detail below. 
The propagation reaction 
(M,)-Lif + M + (M,+l)-Li+ (2.1) 
where M stands for either the styrene or the butadiene monomer (the butyl ends are 
skipped here) can be described as follows [31]: The consumption of monomer is given by 
4W - = -kiMI [M;Li+] [M3 
dt 
where ki”) 1s the rate constant of the propagation reaction. Square brackets denote the 
molar concentration in the solvent. It is assumed that every initiator molecule starts a 
polymerization process and that the number of growing chains is constant, thus [M;Li+] = 
const. Eq. 2.2 can then be simplified to 
W? - = -k@ [M] dt 
* [Mj = [Ml0 exp(-k$$) 
which corresponds to a first-order reaction with the apparent rate constant 
kig) = kJ”)[M;Lif] 
The duration of a polymerization with y% conversion is given by 
In practice, z = 99.9% was used. Calculation of the apparent rate constant, k$, requires 
knowledge of the concentration of living chains, [M;Lif]. It was verified experimentally 
that the propagation reaction is of order one-half or one-fourth in initiator concentration 
[30]. This has traditionally been explained in terms of a simple association model of 
the growing chains: the living anionic polystyryllithium (polybutadienelithium) chains 
aggregate in dimers (tetramers), in the same way as surfactants, and are only reactive in 
the dissociated state. As the growth rate of the chains is considered to be very high in 
the non-associated state, there is, on average, a certain propagation in reasonable time.l 
According to this simple picture, the association-dissociation equilibrium can be described 
in the followine wav: 
(M;Li+), + I (M;Li+) (2.6) 
where 5 takes the value 2 for polystyryllithium and 4 for polybutadienyllithium. This 
process is fast compared to the propagation reaction. Its equilibrium constant, K!?), is 
&en bv 
(2.7) 
‘There has been some debate in the literature about the values of the aggregation numbers 2 rap. 4. 
Only recently, a combined smal-angle and light scattering study on living polystyryKtbium and polybu- 
tadienyllitbium solutions was published [32]. Both KXX were found to aggregate in dimers and, simulta- 
neouly, in large micelles. No tetramers could be identified in case of polybutadienyllitbium. The authors 
concluded that there is no simple relationship between reaction kinetics and aggregation behwior. In the 
following, the traditional way of describing propagation kinetics will be used. It describes the polymeriaa- 
tian process quantitatively, even though the underlying picture is now lmown not to be correct. 
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where the number of aggregates is 
z [(M;Li+),J = [secBuLi], - [MEL?] x [secBuLi], (2.8) 
[secBuLi], denotes the initiator concentration in the beginning. The concentration of free 
(growing) chains is, however, small compared to the number of aggregates and can there 
fore be neglected in the calculation of the rate constant. The concentration of aggregates 
can thus be written 
[(M,Li+)x] = becBuJ-& 
x (2.9) 
Inserting [M;Li+] into equations 2.7 and 2.4, the apparent rate constants of the polymer- 
isation of styrene and butadiene are found: 
k& = kp) K!f)[secBuLi] r” 0 
2 ) 
k;f; = @‘I 
(2.10) 
The duration of reaction can now be calculated taking into account the association pro- 
cess. The apparent rate constants at 40°C are only known in the following solvents [31]: 
k:;; = 3.5 x 10-s [secBuLi], r’s for styrene in benzene and k$j = . 4 2 x 10m4 [secBuLi]i’4 
for butadiene in n-hexane. kL;i and kf$! are given in set-’ and [secBuLi], in mol per 
liter of cyclohexane. In cyclohexane, the polymerisation of styrene is slightly slower than 
in benzene. The polymerisation of butadiene in benzene is a factor of N 1.5 faster than 
in n-hexane [33]. We multiplied therefore the rate constant kifj by a factor of 1.5 before 
further use. 
As the polymerisation is very close to stoichiometric, the molar mass of, say, the 
polybutadiene block is given by MOB = rn~/(c~~c~~~i x Kc&&i). c,,,B~LI’ and V&B~L~ 
denote the molar concentration and the volume of the set-butyllithium solution added 
to the monomer solution. The overall molar mass is then &&,I = Mps + MPB, Mps 
being calculated in the same way as MOB. The precision of Mtotal is estimated from 
the uncertainties in V B L’ c B L’ and the monomer masses. Vseau~i was controlled set u 1, set u 1 
within 0.5%, the concentration of the initiator solution was determined by titration within 
0.5%. The monomer masses (typically between 10 and 50 g) were controlled by weighing 
the ampoules containing monomer, and subtracting the mass of the empty, evacuated 
ampoules, which was done with a precision of 0.1 g. This means that the overall mass of 
the polymer, Mtotalr is determined within 1.5%. 
The volume fraction of the styrene block in the diblock copolymer, fps, is given by 
the masses of the monomer species and the densities of the polymer blocks, pps and PPB: 
fPS = 
WIPPS 
mB/PPB + mS/PPS 
(2.12) 
The following values were used: pps = 1.05 g/cm3 [34] and pp~ = 0.886 g/cm3 [33]. 
The volume fraction is controlled within 1% if the uncertainty in’density is assumed to 
be 0.01 g/ml and if the volume of mixing is zero. The weight fraction of polystyrene was 
determined using NMR (Chapter 3). 
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Under the reaction conditions described above, polystyrene is expected to be atac- 
tic, i.e. crystallisation is hindered. Polybutadiene is expected to be a random copolymer 
consisting of 43% l&is-, 50% 1,4-trans and 7% l&addition (ref. [34], p.IV-4, polymer- 
isation in hexane). The content of 1,2-addition was determined using nuclear magnetic 
resonance spectroscopy (Chapter 3). 
2.2 The set-up 
manifold 
double stage 
pump 
Figure 2.1: Schematic drawing of the high vacuum distribution manifold. Thin lines 
represent glass and thick lines flexible stainless steel tubes. Tl, T2 and P denote pressure 
gauges. In addition, the distillation of styrene to dibutylmagnesium, DBM, is shown. 
The set-up consisted of a high-vacuum distribution manifold, which was used for monomer 
distillation, and of a combined argon/vacuum distribution manifold, which was used for 
solvent destillation and during polymerisation. Flasks, the reactor and others were con- 
nected to these two manifolds by means of unions and flexible stainless steel tubes. 
For monomer distillation, a manifold connected to a high vacuum-system is used. 
Fig. 2.1 shows a schematic drawing. The design of the pumping system is described in 
detail in [31]. The pumping system consisted of a Baltzers turbo molecular pump TPH 
050, driven by a TCP 040 electronic drive unit and cooled by air, together with an Edwards 
double stage rotary vane pump model EDM 8. Pressure was monitored with a Leybold- 
Heraeus Combitron CM330 pressure measuring system, equipped with two 2 thermocouple 
gauges TR 201 (Tl and T2 in Fig. 2.1), and one cold cathode ionization gauge model 
PR31 (P in Fig. 2.1). A pressure range between atmospheric pressure and 10W7mbar 
could be monitored. The base pressure in the high vacuum manifold was approximatively 
28 CHAPTER 2. SYNTHESIS USING ANIONIC POLYMERIZATION 
lo-%bar. The manifold was constructed from l/2” medium or heavy wall glass tubing. 
Young teflon stopcocks were used. They could be used without vacuum grease. Different 
parts of the glassware were connected by Cajon l/2” Ultratorr unions made from stainless 
steel or brass. In these connections, the sealing was obtained by pressing a Viton O-ring 
against the glass. 
Figure 2.2: Schematic drawing of the argon/vacuum distribution manifold. 
For solvent distillation and during polymerization, a combined argon/vacuum distri- 
bution manifold was used. Fig. 2.2 shows a schematic drawing. The argon used during 
solvent distillation and polymerization and for the purging of flasks must be free from 
water, air or other impurities. Before entering the manifold, it was purified by passing it 
through one column filled with molecular sieves (Aldrich, 5 A, 8-12 mesh), which removes 
water, and one filled with manganese(II)ox which removes oxygen ([O,] < lppm) [35]. 
The flow of purified argon into the manifold was controlled by means of a needle valve 
in a range between some ml/set and 100 ml/set. In the manifold, the maximum argon 
pressure was around 1.3 atmospheres. In order to monitor the pressure above atmospheric 
pressure, a mercury manometer was connected to the argon manifold or to the reactor 
which also served as a security valve during the polymerization. An Edwards double stage 
rotary vane pump model E2M8 was used for evacuating the vacuum manifold to a base 
pressure of 10 mTorr. The pressure in the vacuum manifold was monitored by a Varian 
0531 gauge in a range from atmospheric pressure down to 1 mTorr. 3/8” heavy wall glass- 
ware was used. Young stopcocks were used. Flasks and others were attached by means of 
Cajon l/2” and 3/8” Ultratorr unions made from stainless steel or brass. 
The reactor was a 1 1 or 3 1 round bottom flask with 6 necks (Fig. 2.3) having glass 
threads (ACE Glass Inc.), to which monomer ampoules, a glass tube with rubber mem- 
branes, a glass tube containing a thermocouple, and the connections to the solvent flask 
and to the manifold were connected. Conections were made by nieans of ACE nylon 
threads with Viton O-rings and, possibly, with flexible stainless steel tubes. 
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2.3 Purifications 
mizleral oil 
bubbler 
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Figure 2.3: Schematic drawing of the set-up for solvent distillation and polymerization 
which was connected to the argon/vauum manifold. 
Monomer flasks (Fig. 2.1), the solvent flask, and flasks used during titration of initiator 
were cleaned by evacuating and filling them with argon several times. Monomer ampoules 
were evacuated and flamed in order to remove water from the inner surface which was 
crucial as the purified, unstabilized monomer was kept in them before polymerization. The 
reactor was allowed to relax in an oven at 5OO’C for some hours in order to clean the glass 
and to remove tensions. Before polymerization, it was connected to the argon/vacuum 
manifold, evacuated and baked overnight at 25O’C. During baking, a t&on-coated stirring 
bar was held on top of the reactor in order to avoid melting of the teflon. Whenever opening 
the solvent flask or the reactor, a stream of argon gas was maintained in order to avoid 
contamination with air. Hamilton syringes were flushed with argon several times before 
US?. 
Cyclohexane (Aldrich, 99%) was purified by keeping it on sulphuric acid (Merck, 95- 
97%, 100 ml per liter) for some days. In this way, unsaturated impurities were converted 
to sulphates which dissolved in the sulphuric acid layer at the bottom of the flask. 2 1 of 
the such purified cyclohexane were poured into the clean solvent flask and were refluxed 
under an argon atmosphere in order to remove air and other volatile impurities (Fig. 2.3). 
It was refluxed once more under argon with a small amount of 2.0 M n-butyllithium (2.5 
ml per liter; Aldrich, 2.0 M in cyclohexane) and styrene (2 ml per liter; Aldrich, 99%), 
which leads to the formation of polystyryllithium reacting with remaining impurities. The 
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persisting orange color of living polystyrylanions is an indication of solvent purity. New 
batches of purified cyclohexane were added together with styrene and n-butyllithium as 
long as the orange colour persisted. Distilling cyclohexane from this flask into the reactor 
leads to highly purified solvent. 
1 1 of styrene (Aldrich, 99%) was purified by stirring it with finely ground calciumhy- 
dride (Merck, GR) under vacuum for half an hour and then distilling the mixture, which 
removes inhibitor and water. A standard distillation kit was used together with a water 
pump. Such purified styrene monomer was kept in the freezer in order to prevent it from 
polymerizing. A batch of 250 ml of styrene was then filled into a monomer flask (Fig. 2.1) 
which was fitted to the high-vacuum manifold. Styrene was degassed by freezing it with 
liquid nitrogen and then pumping off the remaining gas phase. Then, styrene was thawed 
in a bath with hot water from the tap. Experience shows that the flasks tend to break 
when allowed to thaw slowly at room temperature [33]. After several freeze-thaw cycles, 
styrene was distilled from dibutylmagnesium, DBM. DBM initiates a slow polymerization 
of styrene. 10 ml of dibutylmagnesium (Alfa, 0.5 M in heptane) was given into another 
monomer flask in an argon-filled glovebox. The heptane was pumped off at the high- 
vacuum mainfold. Then, styrene was distilled into this flask (Fig. 2.1) by heating the 
styrene flask in a 30 - 35“C water bath and freezing the dibutylmagnesium-flask with 
liquid nitrogen. The mixture was kept at room temperature for some time. This leads to 
a yellow precipitation indicating a slow polymerization of styrene. The living polymers 
formed react with remaining impurities. 
1,3-butadiene was purified by distillation with dibutylmagnesium and, in some runs, 
also with n-butyllithium in order to remove remaining impurities. Great care was necessary 
when working with butadiene, because it boils at -4.4”C and is very flammable. At 
room temperature, it has a vapour pressure of approximately 2.5 atmospheres, which is 
more than a standard laboratory flask can withstand. Therefore, it was kept on dry- 
icejisopropanol or on ice-water all the time. The purification was carried out as follows: 
Butadiene gas (Aldrich, inhibited with p-tert-butylcatechol) was left to condense in a 
monomer flask containing vacuum-dried dibutylmagnesium (12 ml of stock solution) which 
was frozen with liquid nitrogen. The fiask was then frozen thoroughly and the gasphase 
was pumped off. The flask was kept on ice-water for at least some hours before distilling 
butadiene into the monomer ampoule (see below) in order to make the formation of living 
polybutadienyllithium possible. In some runs, butadiene was distilled once more with n- 
butyllithium in order to improve the purity. For this purpose, butadiene, which had been 
kept on dibutylmagnesium, was distilled into another monomer flask. This flask contained 
some ml of vacuum-dried n-butyllithium (some ml of stock solution). The butadiene flask 
on ice and the other flask on liquid nitrogen. The mixture was kept on ice for some 
time. However, we did not observe any effect of this purification step on the molar mass 
distribution of the resulting polystyrene-polybutadiene block copolymer, which is why this 
step was skipped again. 
2.4 Control of chain architecture 
The concentration of the se-butyllithium solution, (Aldrich, 12% solution in cyclohex- 
ane/isopentane, 92/8, N 1.4 M), c,,,B~L~: was determined following the Gilman double 
2.5. POLYMERIZATION 31 
titration method [36, 371. In the solution also other lithium compounds are present, such 
as lithium butoxide, lithium hydroxide, lithium hydride, and lithium oxide. Two batches 
of solution were titrated: one which was hydrolysed and one where the set-butyllithium 
compound had been destroyed by adding 1,2-dibromoethane (Aldrich, 99+%) before hy- 
drolysis. As water reacts with all the compounds present forming lithiumhydroxide, the 
total amount of Li-compounds can be determined by titrating the hydrolysed solution. 
By titrating the other batch, the concentration of basic impurities was determined. The 
difference between the two concentrations yields the concentration of sec.butyllithium. As 
the other compounds are unable to initiate the polymerisation of styrene or butadiene, it 
was not necessary to purge the solution, but stock solution could be used for initiation. 
The titration was carried out as follows: 2 ml of distilled water were introduced through 
a rubber septum (Aldrich) into a cleaned flask (which was filled with argon) by means 
of a gastight syringe. Into another flask, 2 ml of dibromoethane were introduced in the 
same way. (Dibromoethane was kept on molecular sieves under argon.) To both flasks, 
1.00 ml of set-butyllithium solution was added by means of a gastight Hamilton syringe. 
Both solutions were hydrolyzed with 10 to 20 ml of distilled water and titrated with 0.1 M 
hydrochloric acid using phenolphtalein as an indicator. The difference in concentrations 
determines c,,,nU~; which was typically 1.4 mol/l. 
The amounts of monomer were controlled in the following way: An amount of purified 
butadiene was distilled into a pre-weighed ampoule made from 25 or 100 ml graduated 
cylinders (Fig. 2.3). The necessary amount of styrene as calculated from Eq. 2.12 (which 
reduces to ms = mg x pps/ppg in case of symmetric diblock copolymers) was distilled 
into another monomer ampoule. Excess styrene was distilled into the cold trap. Both 
flasks were connected to the high-vacuum manifold and kept on dry-ice/isopropanol until 
polymerization. 
2.5 Polymerization 
Monomer ampoules were fitted onto the baked reactor under a stream of argon. Then, the 
reactor was evacuated and flushed with argon at least five times. During polymerisation, 
the temperature was controlled by immersing the reactor in a water bath. The bath was 
heated to 40°C by a copper tube through which thermostated water was pumped. 
Cyclohexane was refluxed with polystyryllithium under argon and, depending on the 
reactor used, an amount of 0.5 respectively 1.5 1 of cyclohexane was distilled into the 
reactor. The solvent volume was chosen such, that the mass concentration of the polymer 
during the polymerization did not exceed 20%, in order to prevent the living polymer 
solution from becoming too viscous. An overpressure of approximately 50 mm Hg of 
argon was created in the reactor. The connection to the argon distribution manifold was 
closed monitoring the reactor pressure by the mercury manometer. 
The calculated amount of set-butyllithium solution was introduced into the reactor 
through the teflon-coated rubber septa (Supelco) by means of a gsstight syringe (Fig. 2.3). 
Styrene monomer was let to flow into the reactor. The solution turned yellow indicating 
the presence of polystyryllithium. The temperature increased with some degrees and 
typically reached a maximum after 10 to 15 minutes (Fig. 2.4). If a polymer with low 
molar mass (Mtoral 5 10000 g/mol) was synthesised, styrene was added to the reactor in 
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Time/min 
Figure 2.4: Temperature in the reactor during the polymerization of polystyrene @BOB). 
Mp~=12000 g/mol, ms=l7.8 g, YoHz=0.5 1, [R&1=2.98 mmol/l. Before polymerization, 
the temperature was 4&1”C, was indicated by the horizontal line. 
small amounts in order to avoid a large, sudden rise in temperature. The polymerization of 
styrene blocks between 3000 and 100000 g/mol took between 30 min and 3 hours depending 
on the concentration. When the calculated reaction time for polystyrene had elapsed 
(Eq. 2.5), butadiene momomer, which had been kept on ice during the polymerization of 
styrene, was added to the reactor. The solution lost color indicating the termination of 
the styrene polymerization. If the polystyryllithium solution is very viscous, butadiene gas 
is only slowly miscible and the pressure in the reactor may rise considerably. Therefore, 
butadiene was added in small amounts (5 to 10 ml), watching the pressure in the reactor 
which should not exceed 1 atmosphere of overpressure. During the polymerization, the 
pressure dropped continuously (Fig. 2.5) which allowed estimation of the rate constant. 
It was assumed that the vapour pressure of butadiene in the reactor is proportional to 
monomer concentration in the solution, i.e. the vapour pressure of the other species present 
in the reactor was assumed to be constant during polymerization. The following equation 
was used to estimate the rate constant by fitting it to the data: 
P = Pend + (PO - Pend) exP(-k&) (2.13) 
where po is the pressure before the polymerization and pend the pressure when all monomer 
has reacted. Using the pressure values measured during the polymerization of butadiene 
for SB08, we obtained k,,, - (B) (1.13 i 0.05) x lo-%’ from the fit which is of the same 
order of magnitude as the predicted value, k&l = 8.5 x 10-5sec-f. The polymerization 
of polybutadiene blocks between 4000 and 85000 g/mol took between 4 and 22 hours. 
A problem with high molar mass polymers was that the viscosity increased significantly 
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Figure 2.5: Pressure in the reactor during the polymerization of butadiene (SBO7) (???I. 
Mp~=67900g/mol, ms=32.9g, vcnz=1.5 1, [RLi]=O.325 mmol/!, 2’=39.3”C. Before poly- 
merization, the pressure was 50 mm Hg. During the first 20 minutes, the pressure dropped 
fastly because butadiene monomer waz dissolved in cyclohexane. The line is a fit of 
Eq. 2.13. 
during polymerization, making the stirrer bar get stuck. Both the growing polymers and 
the aggregates formed contributed to this rise. 
The polymerization was stopped with methanol. For this purpose, 50 ml of methanol 
were degassed during several freeze-thaw cycles and were kept under argon. With a 
gastight syringe, 5 ml (i.e. an excess amount) were added to the reactor when the re 
action time for the polybutadiene block had elapsed. The viscosity dropped immediately 
because the association processes of the living polymers were stopped. 
The polymer samples were isolated by dripping the solution into the three-fold volume 
of a 2:l methanol/isopropanol mixture. The solvent was poured off and the polymer 
sample was dried in a vacuum oven: which made the sample foam. After some days at a 
pressure of approximately 1 mbar samples were stored in the freezer (-30°C). 
In Table 2.1, the samples together with the respective reaction conditions are given. 
The values of the yield (polymer mass obtained after drying divided by monomer mass) 
are higher than 95% for most of the samples which were used for further investigations. 
Keeping in mind that typically 1 g was lost during isolation and drying, the calculated 
molar mass values, A?$Oich, are accurate within some percent. Only the yield values of 
the low molar-mass samples SB05, SB14, and SBll are lower than 95%, which is due to 
their partial solubility in the solvent mixture cyclohexane/methanol/isopropanol. 
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sample A& monomer yield [secBuLi], reaction time/f 
g/m01 mass/g % mmol/l PS PB 
SBOl 
SB02a 
SB03” 
SB04”,b 
SB05 
SB06 
SB07a 
SBOS 
SBOSb 
SBlO” 
SBllC 
SB12 
SB13b 
SB14 
/ SB15 
18500 23.9 95 
54500 25.1 98 
5550 30.4 97 
165000 31.8 88 
9200 83.8 94 
91900 81.3 95 
148000 71.9 
22600 32.7 (“d”, 
73400 71.9 99 
183000 120.1 99 
18300 65.8 
22100 85.3 Bd”, 
13900 41.7 87 
13900 28.0 
69900 24.8 
2.58 2.0 14 
0.614 3.0 21 
7.35 2.0 21 
3.86 3.0 22 
18.2 1.1 4 
1.77 0.75 16 
0.323 3.0 21 
2.89 1.0 17 
0.653 2.0 16 
0.438 2.5 20 
2.40 1.0 10.5 
7.73 0.75 19.5 
6.01 0.75 20.5 
1.34 1.6 17.0 
0.238 3.4 19.5 -J 
Table 2.1: Reaction conditions of the polystyrene-polybutadiene samples. Given are the 
stoichiometric molar mass, the overall monomer mass used, the yield, the initiator con- 
centration and the reaction times for each block. [a) Polybutadiene was polymerized first, 
(6) leakage during polymerisation, (c) butadiene was distilled with dibutylmagnesium and 
with n-butyllithium, (d) not known. 
To summarize, a homologous series of symmetric polystyrene-polybutadiene has been 
carried out using anionic polymerization under inert atmosphere. 
Chapter 3 
Sample characterization 
The samples synthesized as described in the previous chapter were characterized using 
various methods. Using size exclusion chromatography, the molar mass distributions were 
determined. The microstructure, i.e. the weight fraction of polystyrene and the content 
of 1,2-addition in the polybutadiene block was determined using nuclear magnetic reso- 
nance (NMR) spectroscopy. In dynamic mechanical experiments, the order-disorder tran- 
sition temperatures were measured, thus making it possible to estimate the Flory-Huggins 
segment-segment interaction parameter. The glass temperatures of five low molar-mass 
sample were estimated using differential scanning calorimetry. 
3.1 The molar mass distributions 
(Size exclusion chromatography was carried out in collaboration with Lotte Nielsen, R&a 
National Laboratory.) 
The molar massof the polymers synthesized by anionic polymerization is a Poisson dis- 
tribution, because of the statistical nature of monomer addition [30]. However, impurities 
may terminate growing polymers. Chain transfer and side reactions may occur, leading to 
additional broadening of the distribution. In some polymerization runs, a leakage occured 
in the reactor when butadiene was added to the solution of living polystyrene, due to 
a rise in pressure. It was doubtful if these polymers samples could be used for further 
investigations. Therefore, the molar mass distributions of all polymers synthesized were 
measured using size exclusion chromatography. 
Size exclusion chromatography is a separation method for polymers [40] and is used 
to determine the distribution of molar mass of the synthesized polymers. The separation 
process takes place in a chromatographic column filled with beads of a rigid porous ma- 
terial, e,~. cross-linked polystyrene. The pores are of the same size as the dimensions of 
the polymer molecules to be separated. The separation process is started by injecting a 
sample of a dilute polymer solution into the solvent stream flowing through the column. 
This is the task of the injection unit (Fig. 3.1). As the dissolved polymer molecules flow 
past the porous beads, they can diffuse into the pores of the packing material to an extent 
depending on their size and the size distribution of the pores. The larger the hydrody- 
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Figure 3.1: Schematic set-up for size exclusion chromatography. For explanation see text. 
Adopted from [38]. The original is from 1391. 
namic radius of the molecules dissolved, the smaller is the fraction of the pore volume 
accessible which is the reascm for large molecules flowing out of the column first. The con- 
centration of molecules having a certain hydrodynamic radius is determined by measuring 
the differential refractive index of the solution leaving the column, i: e. the difference of 
the refractive index of the solution and the pure solvent. The differential refractive index 
is proportional to the weight fraction of the of molecules of a certain size. A syphon having : 
a known volume together with an optical detection system provides a direct measure of 
the elution volume, i. e. the volume of the column accessible to the polymers. 
A Knauer system equipped with a HPLC pump FR-30, a PL-precolumn 20 p, a 100 
cm Shodex A-80M column, and a high temperature differential refractometer as detector 
was used in the present study. The column temperature was stabilized at 3O’C. Stabilised 
tetrahydrofurane was used as a soivent. In order to determine the distribution of molar 
mass of the polymers, the system was calibrated with a dilute solution of different com- 
mercially available polystyrene samples having narrow molar mass distributions (Table 
3.1). A typical calibration curve is shown in Fig. 3.2. The logarithm of the polystyrene 
molar mass is plotted versus the elution volume - the volume of solvent that has flowed 
through the column before the sample was detected. 
Polystyrene-polybutadiene samples were diluted in toluene to concentrations between 
0.75 and 1.30 mg/ml. Some chromatograms are shown in Fig. 3.3. Elution volumes 
ranged between 27 and 37 ml. The chromatograms were analysed by means of a com- 
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/ rjr, k/mol] brand 
12250000 Polymer Lab 
655000 Waters 
110000 Waters 
17050 TSK F-2 
1000 TSK 1000 
Table 3.1: Polystyrene samples in the standard solution used for calibration of the chrc- 
matography system. 
Figure 3.2: Typical calibration curve of the column using polystyrene standards. The line 
is a fit of a third-order polynomial. 
puter program [31] which fitted a line and a third-order polynomial to the calibration 
data (Fig. 3.2). The chromatograms of the samples were approximated by a histogram 
from which the number-average molar mass, tiN = 1; NgMi/’ Ci Ni, the weight-average, 
&‘w = xi iViM;/ C; N;Mi (where N; is the number of molcules having molar mass M;) 
and the polydispersity index tiw/fi,v were calculated. The calculations were based 
on the third-order calibration curve. tiJv/tiN provides a measure of the width of the 
molar-mass distribution, for single species, it is one. As the system was calibrated with 
polystyrene and not with polystyrene-polybutadiene, the absolute molar masses of the 
polystyrenepolybutadiene samples could not be determined, because the hydrodynamic 
radii of polybutadiene and polystyrene having the same molar mass are different. However, 
A&/~,xJ is considered to be approximately correct. The main interest of the study was 
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Figure 3.3: Upper and middle figure: Chromatograms of polystyrenepolybutadiene 
diblock copolymers which were used for further investigations. Lower figure: Chro- 
matograms of two samples having a non-monomodal molar-mass distribution. These s&m- 
pies were not used for further investigations. For the corresponding values of J&v/l& 
see Table 3.2. 
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to verify that the distributions of the polystyrenepolybutadiene samples were monomodal 
and as narrow as the ones of the polystyrene standard samples. In Table 3.2, the results 
obtained using the third-order calibration curve are given together with the number of 
segments, N, which is based on the butadiene monomer volume (opg = iU~/pp~ = 101 
A3). The polydispersity values represent upper limits because of the finite resolution of 
the system. The peaks of polystyrene-polybutadiene samples (except those of SB03, SB04 
and SBOS) were of the same width as the commercial polystyrene samples. 
sample MPCh N it&T/h& 1 
SB03 
SB05 
SB13 
SB14 
SBll 
SBOl 
SB12 
SB08 
SB02 
SB15 
SB09 
SB06 
SB07 
SB04 
SBlO 
5550 94 1.51a.b 
9200 156 1.09 
13900 236 -b 
13900 236 1.07 
18300 310 1.05 
18500 313 1.09 
22100 374 1.05 
22600 383 1.13 
54500 921 1.07 
69900 1182 1.08 
73400 1241 1.22aJ 
91900 1555 1.11 
148000 2511 1.18 
165000 2789 1.23”~~ 
183000 3090 1.10 
Table 3.2: Size exclusion chromatography results of the polystyrene-polybutadiene sam- 
ples. Given are the overall stoichiometric molar mass, the number ofsegments based on the 
polybutadiene monomer volume and the polydipersity index. (a) Bimodal distribution, 
(b) not used for further investigations. 
3.2 The microstructure 
(NMR-spectroscopy was carried out at the Department for Life Sciences and Chemistry, 
Roskilde University in collaboration with Marten Langgdrd, Anne& Gudmundsson and 
Paul Erik Hansen.) 
The microstructure of the polystyrenepolybutadiene diblock copolymers synthesised, 
i.e. the weight fraction of styrene, UJ~, and the content of 1,2- and 1,Caddition in the 
polybutsdiene block, fl,2, was determined using nuclear magnetic resonance spectroscopy 
(NMR). 
NMR is a widely used technique to investigate the microstructure of polymers and 
other samples. The principle of the method is the following [41]: A high magnetic field is 
applied to the sample which makes the nuclear spins precess around the field axis with a 
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certain frequency, the so-called Larmor frequency. In addition, a small, rotating magnetic 
field is applied perpendicular to the magnetic field. A resonance condition is achieved when 
the rotation rate of the field equals the Larmor frequency. However, the magnetic field 
experienced by a given nucleus depends on its surroundings. Thus, resonance is achieved at 
a frequency which is shifted with respect to a hypothetic isolated nucleus. Thii ‘chemical 
shift’ allows thus to quantify the number of nuclei with a given surrounding (double bonds, 
phenyle rings etc.) and to study the microstructure of polymers. Using proton NMR, the 
number of aliphatic and vinylic protons and of protons belonging to the phenyle ring 
was measured ,which allows determination of the content of polystyrene and of 1,4- and 
1,Zadded polybutadiene monomers. 
The weight resp. volume fraction of styrene in the diblock copolymer, f, is an important 
factor for the phase behaviour of the block copolymers. During synthesis, the weight 
fraction is controlled by choosing the appropriate amounts of monomer species and by 
bringing the polymerization as good as possible to completion. The volume fraction is 
related to the weight fraction by 
1 -us PPS -I 
fs= (If 7,) (3.1) 
From stoichiometry, the weight fractions of styrene were estimated to be 20s = 0.54 corre- 
sponding to fs = 0.50. NMR provides an independent mesure of ZDS. 
Knowledge of the content of 1,2- and 1,~addition in the polybutadiene block is im- 
portant because, among others, the Flory-Huggins interaction parameter of the styrene- 
butadiene monomer pair (which governs phase behavior) and the glass transition temper- 
ature of the polybutadiene block depend on the microstructure of the polybutadiene block 
[34]. During synthesis, the microstructure of polybutadiene is controlled through temper- 
ature, polarity of solvent and choice of initiator. Synthesis was carried out in a non-polar 
solvent (cyclohexane) at 40°C and set-butyllithium was used an initiator. Under these 
conditions, a content of ca. 7% of 1,2-addition is expected (ref. 7 in chapter 15 of [30]). 
3.2.1 Experimental 
Samples were dried in a vacuum oven (Appendix A) at 120- 130°C for ca. 2 hours in order 
to remove traces of solvent and were then dissolved in deuterated chloroform (99.8% D, 
Fluorochem Limited). The polymer concentrations were between 25.8 and 34.7 mg/ml. 
The solutions were filled into ultra precision NMR sample tubes (Dr. Glazer AG, 5 mm 
outer diameter, 178 mm long). A Bruker AC-250 MHz NMR-instrument was used for 
proton NMR measurements. With this instrument, a rotating magnetic field was applied 
during a short time and then, the decay of signal was measured in a period of time. A delay 
time of at least 10 set between the pulses was found to be crucial for exact determination of 
the relative peak intensities because of the slow relaxation processes occuring in polymer 
solutions. However, the longer the delay, the stronger the signal from water which is 
present in chloroform. The water signal is located in the region of peak 4 (see below). 
The sample temperature in the spectrometer was stabilized at 23’C. The apparatus was 
locked on the signal of d-chloroform. The zero of the scale corresponds to the signal of 
tetramethylsilane. 
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Figure 3.4: NMR-spectrum of SBll in d-chloroform. 
3.2.2 Data analysis 
The XvfR-spectrum of a polystyrene-polybutadiene samples shows four groups of peaks 
are seen which are labelled 1,. . i 4 (Fig. 3.4). The different types of monomer addition 
are shown in Fig. 3.5 where the protons are marked with letters A,. , I. Peak 1 is due to 
signals from protons in the phenyie ring of styrene (A, B, C in Fig. 3.5), peaks 2 and 3 $0 
vinylic protons (F, H: I) and peak 4 to aiiphatic protons (D, E, G). The peak intensities 
are written as a function of Ns (the number of styrene monomers) and of Ni” and Ni 
(the number of 1,2- resp. 1,4-added butadiene monomers): 
II = 21, i 2Ii9 + Ic = ScNs 
12 = 21F + Ix = 2cNy + cNi2 
13 = 211 = 2cNi2 
14 = ID i 81~ + IG = 3cNs + 4cNy $3cN; 
where c denotes the signal strength per proton. For the determination of 2us and fl,2 
only signals from the protons in the phenyle ring and from vinylic protons are used. The 
reasons are the contamination of peak 4 with the water signal and that the signal strength 
of aliphatic protons might be different from the signal strength of ring- and vinyiic protons. 
Thus: using the expressions for II, Is, and 13, Ns and NB = NY + NY are given by 
Ns = c-l x 0.211 (3.2) 
Nb2 zz c -l x 0.513 (3.3) 
42 CHAPTER 3. SAMPLE CHARACTERIZATION 
Figure 3.5: A polystyrene monomer (a), a 1,4- (b) and a l$addedpolybutadiene monomer 
(4 
NY = c-l (0.512 - 0.2513) (3.4) 
6 NB = ~~‘(0.51~ + 0.2513) (3.5) 
UJS and fi,z are defined as 
MPS 
WS= MPS+MPB 
, fi,z = Ni 
Ny+Ni 
(3.6) 
where Mps and MPB are the stoichiometric molar masses of the styrene and the butadiene 
block. Thus, 
0.512 + 0.2513 MB - 
0.211 MS , fl,Z = I3 I2 + 0.513 
The molar masses of the styrene and the butadiene monomer are Ms = 104.2 g/mol and 
MB = 54.1 g/mol. 
3.2.3 Results and discussion 
The integrated peak intensities 11 - Id together with the values of 2~s and fi,z are given 
in Table 3.3. As only intensity ratios are used, the results are independent of measuring 
time and concentration. In order to facilitate comparison, the value of II is set to 1.000 for 
all samples. The weight fractions of styrene determined using NMR are between 0.54 and 
0.56. These values do not differ more than by 0.02 or 4% from the stoichiometric values. 
NMR thus confirms the values calculated from stoichiometry. Possible reasons for the 
slight discrepancy are loss of monomer during the synthesis and incomplete reactions. The 
3.3. THE ORDER-DISORDER TRANSITION TEMPERATURES 43 
sample ms mg ws 11 12 13 14 ws fl,Z% 
[g] [g] stoich. NMR NMR 
SB05 45.5 38.3 0.55 1.000 0.609 0.0637 1.97 0.55 9.9 
SBll 35.7 30.1 0.54 1.000 0.586 0.0427 1.90 0.56 7.0 
SBOI 12.9 11.0 0.54 1.000 0.625 0.0555 2.02 0.54 8.5 
SB12 46.1 39.2 0.54 1.000 0.616 0.0582 1.98 0.55 9.0 
SB08 17.8 14.9 0.54 1.000 0.577 0.0553 1.83 0.56 9.2 
SB02 13.7 11.4 0.55 1.000 0.600 0.0603 1.88 0.55 9.6 
SB06 44.2 37.1 0.54 1.000 0.623 0.0665 1.85 0.54 10.1 
SB07 39.0 32.9 0.54 1.000 0.631 0.0612 2.09 0.54 9.3 
SBlO 65.2 54.9 0.54 1.000 0.614 0.0542 2.04 0.55 8.5 
I 
Table 3.3: Comparison ofstoichiometric and NMR resufts. Given are the monomer masses 
used and the weight fraction ws = ms/(ms + mg). Furthermore, the integrated peak 
intensities from NMR, the calculated values of the weight fractions ofpolystyrene and the 
percentages of 1,2-addition in polybutadiene. Ir was set to 1.000. 
integrated peak intensities may be too high because of biased baselines which causes errors, 
especially for broad peaks, e.g. for 11. There is also a large difference in intensity between 
I2 and Is (a factor of approx. 10) which may cause errors in the determination of WS. 
However, the values determined using NMR confirm the stoichiometric values. Assuming 
polymer densities pps = 1.05 g/cm3 [34] and pp~ = 0.886 g/cm3 [33], NMR gives volume 
fractions of polystyrene fs = 0.51f0.01 whereas the values from stoichiometry are centered 
around 0.50. Our experience was that the delay time of 10 set was necessary to obtain 
satisfactory results. The diblock copolymers synthesized are very close to being symmetric. 
The content of 1,2-addition in the polybutadiene blocks was found to be 9.0 & 0.9%. 
The high spread of the data is due to the small values of Is in comparison to Is. Nearly 
all values are higher than literature values for similar polymerisation conditions (7%) [30]. 
The difference is probably due to traces of polar molecules in the monomer species and in 
the solvent which has an influence on the polybutadiene microstructure. 
3.3 The order-disorder transition temperatures 
(The dynamic mechanical measurements uwe carried out at Risd National Laboratory in 
collaboration with Lene Hubert and Kristoffer Almdal.) 
The rheological behavior of dibiock copolymers is known to be very complex, especially 
in the ordered state, and is still a subject of intensive investigations (e.g. [22,42, 431). The 
timetemperature superposition principle which has been used succesfully for homopoly- 
mers [44], does not apply in the ordered state. No comprehensive theory explaining the 
rheological response on a molecular basis exists so far. In this study, we only use the results 
from dynamic mechanical measurements on low molar-mass samples for determination of 
the ODT temperatures. The ODT is considered to be a weak first-order transition [20]. 
Therefore, the dynamic elastic and loss modulus are expected to drop discontinuously at 
the ODt temperature, which allows determination of the transition temperatures. The 
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Flory-Huggins segment-segment interaction parameter can be determined assuming that, 
for symmetric diblock copolymers, XN N 10.5 at the ODT [8] and that x = a/T + b 
[45]. Knowledge of the ODT temperatures of samples with different chainlengths? N, then 
allows one to determine the parameters a add b. This makes it possible to calculate XN 
for all block copolymers studied and to locate them in the phase diagram. 
3.3.1 Experimental 
Figure 3.6: Schematic drawing of the RMS-800 rheometer. Shown is the parallel piate 
geometry, where the lower plate oscillates around the vertical axis and the upper plate is 
coupled to a force transducer monitoring the transmitted torque. During measurements, 
the upper plate is lowered, the oven is closed and a stream of nitrogen gas is maintained 
to heat the sample. Adopted from 1461. 
An RMS-800 rheometer [46] was used in the parallel-plate geometry with piates having a 
diameter of 50 mm. A schematic drawing of the instrument is shown in Fig. 3.6. Pills of 1 
mm thickness were pressed and mounted between theplates. The samples were thermally 
equilibrated in a stream of nitrogen gas. 
3.3.2 The ODT temperatures 
The frequency behavior of diblock copolymers is known to change drastically at the ODT 
temperature. Above the ODT temperature, a liquidlike response has been observed: in 
the terminal region (i.e. at low frequencies): the dynamic elastic modulus, G’: has been 
found to be proportional to w2 and the loss modulus G” M w [47]. Below the ODT 
temperature, the elastic and the loss modulus were found to depend more weakly on 
frequency: G’ ac u”.5 and G” 0: w”,7 were observed for poly(ethylene propylene)-poly(ethy1 
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ethylene) in the terminal region [47]. In this regime, the existence of lamellar domains leads 
to a higher elasticity and viscosity. However, above a certain frequency, the rheological 
response has been found not to be affected by the ODT. This might be attributed to the 
fact that, at high frequencies, lengthscales smaller than the lamellar thickness are probed. 
This behavior could also be observed with polystyrene-polybutadiene diblock copolymers. 
In Fig. 3.7, the dynamic elastic and loss modulus are shown for temperatures below and 
above the ODT temperature. The curves measured below the ODT temperature are 
nearly equal. A linear fit to data measured at 167OC gives G’ K w”,~ and G” a: w”,‘j. Both 
exponents are lower than the ones given by Rosedale et al. [47] which certainly is due to 
the fact that the terminal region has not been reached. Measurements at lower frequencies 
could not be carried out because of a low signal. At the ODT (181’(Z), both the elastic 
and the loss modulus display a stronger frequency dependence in the terminal region than 
above. Due to the small signal, measurements could not be made at lower frequencies and 
thus, no fit could be performed. 
Figure 3.7: The dynamic elastic and loss modulus of sample SE12 at 162°C (G’: open 
circles, G”: filled circles), 1 WC (G’: open triangles, G”: filled triangles), 173’C (G’: 
diamonds, G”: filled boxes), 181°C (G’: open stars, G”: filled stars). Data of the loss 
modulus was shifted upwards by one decade. The strain amplitude was 2%, except at 
162’C where it was 1%. Lines are linear fits to data at 167oC. 
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The ODT temperature were determined in temperature (Fig. 3.8). The parameters 
used for determining the ODT temperatures are summarized in Table 3.4. One might 
suspect that l’C/min was too high a heating rate; however, as can be seen with sample 
SBll, the width of the transition is approximately 2’C. This is partly due to the time 
needed to heat the whole sample above the ODT temperature and partly to the intrinsic 
width of the transition, which might be due to polydispersity. A difference of 4’C between 
the temperature where the signal dropped upon heating and increased upon cooling was 
found with sample SBll. However, an uncertainty of 12OC is not considered to have a 
large effect on the value of the Flory-Huggins parameter (see below). 
The question may arise if the ODT temperatures of quenched, lamellar samples con- 
taining a lot of imperfections, are the same as the ones determined from macroscopically 
oriented samples, similar to single crystals. Imperfections might promote the disordering 
process such that the ODT temperatures determined in the way described above are too 
low [48]. The hypothesis may be tested by preparing oriented samples, which can be done 
by shear alignment (Chapter 4), and then determining their ODT temperature in the 
same way as described above. The ODT temperature of one shear aligned sample (SB12) 
was found to be 186’C (not shown), in contrast to 181°C found as described above. It 
could be worthwhile to study the effect in detail. For the present purpose, namely the 
determination of the Flory-Huggins parameter, the difference is not significant. 
sample N shear shear rate heating rate TODT 
amplitude/% [rad/s] “C/min [“Cl 
SB14 236 5 0.02 0.1 71* 1 
SBll 310 2 10.0 1.0 130 f 1 
SBOl 313 5 40.0 0.5 145.5 + 1 
SB12 374 2 10.0 1.0 181 rt 1 
SBOS 383 5 40.0 3.0 204 it 1 
Table 3.4: Parameters used for determination of the ODT temperatures, TODT. 
3.3.3 The Flory-Huggins segment-segment interaction parameter 
Knowledge of the ODT temperatures makes it possible to estimate the Flory-Huggins 
segment-segment interaction parameter, x. By mean-field theory, it has been predicted 
that (~N)oDT = 10.5 for symmetric diblock copolymers [8]. Combination with the Flory- 
Huggins expression x = a/T + b [45] gives the expression 
T 
aN 
ODT = 10.5 - bN 
A fit to the ODT temperatures (Table 3.4) gives 
a = (21.6 zt 2.1)K, b = -0.019 + 0.005 (3.9) 
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Figure 3.8: Dynamic elastic (o) and loss (A) modulus as a function of temperature for 
three low molar mass samples. Upper figure: Sample SB14. The strain amplitude was 5%, 
the frequency 0.02 rad/s and the heating rate O.l°C/min. Middle figure: Sample SBll. 
The strain amplitude was 2%, the frequency 10 rad/s and the heating rate l.O’C/min. 
Every second point is shown. Lower figure: Sample SB12. The strain amplitude was 2%, 
the frequency 10 rad/s and the heating rate l.O’C/min. 
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300 
Figure 3.9: ODT temperature as a function of chainlength (based on the polybutadiene 
monomer volume). An error of 2 K for the temperature and of 2% for the chain length is 
shown. The broken line is a fit of the mean-field expression given in Eq. 3.8 and the full 
line a fit of expression 3.11. 
Fluctuation theory predicts that the value of XN at the ODT is not constant but dependent 
on chain length, N: 
-113 
(XN)ODT= 10.5+41.0 
where a is the statistical segment length and v the segment volume [20]. In order to test 
the influence of the correction term on the value of the x-parameter, we attempt to use 
the following relation: 
T 
aN 
ODT = 10.5 - bN + 41.0(Nas/v2)-‘/3 
The average segment length was estimated to be 6.9 %, by fitting a Leibler structure factor 
to the peaks observed in small-angle scattering spectra (Chapter 5). The segment volume 
is given by v = MB/PPB = 101A3 where MB is the molar mass of butadiene and pp~ the 
density of polybutadiene. Fit of Eq. 3.11 to the data gives 
a = (29.2 zt 3.O)K, b = -0.028 3~ 0.007 (3.12) 
The values found differ slightly from the mean-field result, however, the fitted curve cannot 
be discerned from the mean-field result in the range of the plot (Fig. 3.9). Using the a- and 
b-values from Eq. 3.12, the XN-values determined at the ODT temperatures are found to 
be (~N)oDT N 13, thus higher than the results from mean-field theory (~N)oDT N 10.5 
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which is imposed by fluctuation theory: As fluctuations stabilise the disordered state, the 
ODT occurs at a lower temperature than predicted by mean-field theory. 
In the study of the lamellar thickness as a function of chain length, which is presented 
in Chapter 5, a fixed temperature of T = 150% was chosen for the measurements. Using 
the x-values as determined above, the range in phase space explored by varying the chain 
length can be estimated. Using mean-field theory , we find a range between XN = 5 i 1 
and XN = 100 & 22. Using the result from fluctuation theory, values between 6 + 2 and 
126 % 32 are found. The latter values are higher but still equal to the mean-field results 
within the errorbars. In the following, the mean-field values for a and b are used. 
3.4 The glass transitions 
(DSC-meswements zuere carried out by Anne B~nke Nielsen, Risg National Laboratory) 
Differential Scanning Calorimetry (DSC) IS a method which allows to monitor thermal 
events, such as crystallization, vaporisation, or glass transitions by measuring changes in 
the specific heat at constant pressure, cs. In the case of glass transitions, the change in 
cP is due to the fact that the specific volume changes its temperature behavior. Below 
the glass transition, the specific volume is very low, thus many degrees of freedom are 
frozen in. At the glass transition, the specific volume increases and many more modes 
of movement are activated. Thus, the specific heat rises when heating through the glass 
transition [49]. Heat flow DSC is frequently used to detect glass transitions. A small 
amount of sample is mounted in a cell which, together with a reference cell, is heated such 
that sample and reference cell are at the same temperature throughout the measurement 
[50]. The energy difference in the independent supplies to the sample and the reference cell 
is recorded against temperature and is proportional to the specific heat. In order to obtain 
detectable signals, high heating rates (in the present study 40°C/min) are applied. This 
technique is not well-suited to follow details of the transition, because, due to the large 
heating rate, the sample is not necessarily in thermal equilibrium. However, DSC gives 
the transition temperature and the information, if the transition is endo- or exothermic. 
Glass transitions are endothermic. 
In microphase-separated block copolymer systems, two glass transitions are expected, 
both being close to the glass transition of the homopolymers, which the block copolymer 
consists of [51, 521. In case of polystyrene-polybutadiene, a transition at Trs = 1OO’C - 
1.0 x 105/M (M is the molar mass in g/mol) is expected for the polystyrene block and 
TpB = -107 to -83°C for the polybutadiene block (for a high content of l&addition 
$41). In the fully homogeneous state far above the ODT, temperature, the empirical 
‘mixing rule’ 
1 l- 4s 4s 
Tg=T,pB+Tgps (3.13) 
is assumed to apply. 4s is the local volume fraction of polystyrene. 
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3.4.1 Experimental 
In the present study, the glass transitions of six low molar-mass samples were determined. 
Samples were dried under vacuum at 120-13O’C in order to evaporate traces of solvent. If 
solvent evaporates during the DSC scan, the signal might interfere with the upper glass 
transition of the block copolymer. Sample amounts of 20.5 - 30.3 mg were used for DSC 
studies. A Perkin-Elmer DSC-4 instrument was used at temperatures between -130 and 
150°C. The samples were heated to 150°C with a rate of 40°C/min and cooled down to 
-130°C with a rate of -2”C/min before the measurement in order to release tensions. 
3.4.2 Results 
sample MPiCh M$Fh TPS ODT T~I Tgz 
[g/m011 [g/m011 ‘C “C “C “C 
SB05 9200 5000 80 -21+10a -78 - 
SBll 18300 9900 90 13Ort2 -88 - 
SBOl 18500 10000 90 145.5 + 2 -89 - 
SB12 22100 11900 92 181&2 -89 76 
SB02 54500 29700 97 204zt2 -91 102 
I 
Table 3.5: Results from DSC measurements. Given are the overall molar mass, the molar 
mass of the polystyrene blocks, the glass temperature of pure polystyrene having the same 
molar mass as the polystyrene block, the ODT temperature of the block copolymer, and 
the glass temperatures as determined by DSC. (a) The ODT temperature was estimated. 
Curves from three low molar-mass samples are shown in Fig. 3.10. The scan of sample 
SB02 shows two transitions, the transition temperatures (-91 and 102’C) being close 
to the values expected for pure polystyrene and polybutadiene. The ODT temperature 
(204’C) is far above the temperature range studied and the results corroborate the notion 
of a lamellar state with nearly pure polystyrene and polybutadiene domains. The results 
are summarised in Table 3.5. 
The scan of sample SBll (ODT=130”C) shows a change of signal at -88’C which 
is close to the glass temperature of pure polybutadiene which indicates the existence of 
nearly pure polybutadiene domains. The glass transition of polystyrene domains could 
not be resolved which is attributed to an interplay with the disordering process. In the 
ordered state in the vicinity of the ODT temperature, the density profile becomes close to 
sinusoidal and partial mixing takes place. This might be the reason for the strange signals 
at high temperatures. At 130°C, the ODT temperature, no characteristic change in signal 
is seen. This might be due to the fact that, locally, the density profile is similar just above 
and just below the ODT temperature. Thus, the degree of mixing does not change in a 
discontinuous way at the ODT. Therefore, DSC is not well-suited for determining ODT 
temperatures of low molar-mass polystyrene-polybutadiene diblock copolymers. 
The scan of sample SB05 is similar to the one of SBll. A change of signal is observed 
at -78°C which is attributed to the glass transition of the polybutadiene block. Above 
-lO’C, the curve displays a strange shape; which might be related to the interplay be- 

52 CHAPTER 3. SAMPLE CHARACTERIZATION 
tween concentration fluctuations and the glass transition of the polystyrene block. The 
latter is, corresponding to the molar mass of the polystyrene block estimated to occur 
at 80°C in a pure polystyrene environment (Table 3.5). In case of homogeneous mixing 
(4p.s = 0.5), a single glass transition at -26°C (found using Eq. 3.13) would be expected. 
The discrepancy indicates that there are no pure polybutadiene domains, but that these 
domains contain polystyrene. This corroborates the value of the ODT temperature which 
was estimated to be -21°C. 
3.5 Conclusion 
A homologous series of fifteen symmetric polystyrene-polybutadiene diblock copolymers 
having molar masses between 9200 and 183000 g/mol has been synthesised using anionic 
polymerisation under an inert gas atmosphere. 
The molar mass distributions, as measured with size exclusion chromatography, were 
found to be monomodal and as narrow as the standard samples for eleven of the synthesised 
samples. These samples were used for further investigations. 
Using proton NMR, it could be confirmed that the weight fraction of styrene was 
approximately 0.55 for all samples which corresponds to a volume fraction fs = 0.51. 
The content of 1,2-added polybutadiene monomers was found to be -9%, thus somewhat 
higher than values reported in literature, which might be due to nonpolar impurities 
present during polymerisation. 
The rheological response of low molar-mass samples was found to be consistent with 
what had been reported: The behavior was close to liquidlike in the disordered state but 
more complex in the ordered state. At the ODT temperature, the dynamic elastic and loss 
modulus drop drastically. This was used for determining the ODT temperatures of live 
low molar-mass samples. Knowledge of the ODT tenperatures allowed us to estimate the 
parameters a and b in the expression for the Flory-Huggins segment-segment interaction 
parameter, x = a/T + b. Predictions from both mean-field and fluctuation theory were 
used and were found to yield similar results. 
Differential scanning calorimetry was used to determine the glass transition temper- 
atures of several low molar-mass samples. Only with two sample being ordered in the 
temperature range studied, two glass transitions (of the polystyrene and the polybutadi- 
ene block) could be resolved which indicated that the samples were microphase-separated. 
With lower molar-mass samples, only transition close to the one of pure polybutadiene 
were observed. At the ODT temperatures, no change of signal in the DSC scans was 
observed, probably because the local density profile does not change discontinuously at 
the ODT. 
Chapter 4 
Sample preparation 
(Walther Batsberg helped with the stab&&m, Kristoffer Almdal and Lene Hubert with 
the shear alignment and Lotte Nielsen with the size exclusion chromatography (all Ris@ 
National Laboratory).) 
Samples for small-angle studies were prepared using different techniques (melting, 
annealing, solvent-casting and shear alignment) in order to ensure thermal equilibrium. 
The reason was the following: As described in Chapter 2, the synthesis was carried out 
in solution. In order to precipitate the polymer, the polymer solution was dripped into a 
poor solvent after termination. The chains thus collapsed very quickly. The sample ob- 
tained was dried at room temperature, thus below the glass temperature of the polystyrene 
blocks (- 100°C). It was not sure that thermal equilibrium has been obtained. Therefore, 
further preparation above the glass temperature was necessary after drying. In order to 
minimise the effect of crosslinking during preparation at high temperatures, antioxidant 
was added to stabilise the polymers. 
4.1 Stabilization 
Thermal degradation of polymers is a well-known problem which is reviewed in [53]. The 
degradation process starts with formation of radicals, which may result in chain scission 
or crosslinking. Especially under prolonged annealing and when oxygen is present, degra- 
dation and/or oxidation may occur. Both chain scission and crosslinking cause severe 
problems in determining the structural properties of block copolymers as a function of 
chain length because the chain length of degraded polymers is not well-defined. In case of 
chain scission, the molar-mass distribution becomes broader and the average molar mass 
decreases. Crosslinking of two or more polymers also leads to broadening of the molar- 
mass distribution, but the average molar mass increases. In the worst case; a network is 
formed. In addition, reptation of the chains towards equilibrium is hindered by crosslink- 
ing. The effect of crosslinking is most severe for high molar-mass polymers: one crosslink 
prevents two long chains from reptating freely. In low molar-mass polymers only a smaller 
volume fraction of the sample is affected by a crosslink. 
As becomes evident from the size exclusion chromatograms shown below, crosslinking 
53 
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is the prevalent mechanism in polystyrene-poiybutadiene. Polystyrene is a relatively stable 
polymer due to the shielding effect of the phenyle ring. Polybutadiene is more unstable; 
here, the o-protons (which are adjacent to the carbon-atoms forming the double bond, 
Fig. 4.1) are most reactive. The crosslinks formed between two polybutadiene chains in 
absence or presence of oxygen are shown in Fig. 4.1. 
CH,- CH = CH - CH 
Figure 4.1: Crosslink formed by the a-protons in polybutadiene chains in the absence (left 
tIgure) or presence of oxygen (right figure). 
OH 
l-Bu 
Figure 4.2: Structure of the antioxidant molecules butylated hydroxytoluene, BHT (left), 
and of Irganox 1010 (right) [543. 
Addition of small amounts of antioxidant (typically 0.05 - 1.0 weight-%) stabilises the 
polymers and prevents their crosslinking [54]. In this work, the antioxidant Irganox 1010 
was used (Fig. 4.2). It is characterized by a butylated hydroxytoluene group. In a reaction 
with a radical, it acts as a donor and transfers a hydrogen atom to the radical which is 
thus ‘repaired’: 
P.+AHtPH+A. 
PO*. + AH + POOH + A. 
where P denotes the polymer chain and A the antioxidant molecule. After the reaction, 
the antioxidant molecule (A) has become a radical, but: in contrast to the polymer radical, 
it is very stable because of the phenyle ring and the tert-butyl groups. 
During the course of this work, it turned out that the unstabilised polymer samples 
were crosslinked after some days of annealing at 150°C under vacuum. The polymers had 
formed macroscopic pieces of gels and could not be dissolved any more. In a first test, the 
antioxidant BHT (butylated hydroxy toluene, see Fig. 4.2, left part), which is commonly 
used for stabilising polystyrene-polyisoprene (e.g. [55]) was tried. Even though 3.5 weight- 
% (antioxidant/polymer) were used, gels had formed after one week of annealing at 150°C 
under vacuum. This was probably due to evaporation of BHT during annealing. 
Therefore, the antioxidant Irganox 1010 (Ciba-Geigy, Fig. 4.2, right part) was used. It 
is a larger molecule than BHT and has a higher boiling point. 0.1 resp. 0.5 wt-% was added 
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to the polymer by dissolving polymer and Irganox in benzene (polymer concentrations 
between 100 and 200 mg/ml) and stirring the solution overnight. Then, the solutions were 
left to dry at room temperature for 3 days and were further dried at 1OO’C (i.e. above 
benzenes boiling point: 80°C at atmospheric pressure) at a pressure of 0.07 mbar for 2 
hours. As will be shown below, the samples were effectively stabilized by Irganox 1010. 
The question may arise if the presence of antioxidant has an influence on the lamellar 
structure. There is one molecule of Irganox 1010 per 20000 segments, when 0.1 wt-% were 
added, and one molecule per 4000 segments, if 0.5 wt-% were added. These amounts are 
considered to be negligible. 
4.2 Methods for sample preparation 
In order to bring the stabilized samples into an equilibrium state after drying, four dif- 
ferent methods of sample preparation were used: Melting, annealing, solvent-casting and 
shear alignment. For the sake of consistency, both preparation and measurements were 
carried out at 150°C. This temperature was chosen because it is well above the glass 
temperature of the polystyrene blocks (80 - 100°C depending on molar mass, Chapter 3) 
but still below the degradation temperature (ca. 1SOYY). As the relaxation times of poly- 
mer segments are very long below and in the vicinity of the glass transition, equilibrium 
can on a laboratory time scale only be achieved above the glass temperature. The sam- 
ples together with the preparation method used are listed in Table 4.1. ‘SEW stands for 
‘polystyrene-polybutadiene with Irganox lOlO’, the number is related to the molar mess, 
and the last letter is related to the preparation method. In the following, the different 
methods will be described. 
4.2.1 Melting 
Some of the samples 
the disordered state) 
had ODT temperatures below 150°C and were thus molten (i.e. in 
In order to obtain bubble-free samples, pills of ca. 1 mm thickness 
were pressed in a teflon-coated press (diameter 2.5 cm) using a hydraulic press and were 
heated above the ODT temperature just before the small-angle scattering experiments. 
4.2.2 Quenching 
Samples having an ODT temperature above 15O”C, but below the degradation temperature 
can be molten and cooled down again into the ordered state. The resulting structure 
is expected to be ‘polycrystalline’, i.e. consisting of many lamellar domains which are 
randomly oriented. This technique was not applied in the present work. In fact, only 
one of our samples (SB112) belongs to this category. This sample was treated using the 
methods described below. 
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sample 
- 
SBI05B 
jBI14B 
$BIllB 
SBIllC 
jBI12A 
;BIlX 
SBI12F 
jBI08A 
SBIO8C 
SBI08F 
SBI02D 
SBIOZF 
SBI02G 
SBI15A 
SBI15F 
SBI15E 
SBIOGA 
SBIOGD 
SBIOGG 
SBIOGH 
SBIOGK 
SBIOGL 
SBI07G 
SBIO’IH 
SBI07K 
SBI07L 
SBIlOA 
SBIlOD 
SBIlOF 
SBIlOG 
SBIlOH 
SBIlOK 
N 
- 
156 
236 
310 
374 
ODT 
OC 
-21 i 10 
71 i 1 
13Oil 
1814 1 
383 205&l 
921 
1182 
antioxidant 
:ontent [wt-%] 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
preparation 
nethod 
molten at 15OOC 
molten at 150°c 
molten at 15O’C 
molten at 15O’C 
&wt-cast 
shear aligned 
annealed 
solvent-cast 
shear aligned 
annealed 
shear aligned 
annealed 
solvent-cast 
solvent-cast 
annealed 
shear aligned 
solvent-cast 
shear aligned 
solvent-cast 
shear aligned 
solvent-cast (CHx) 
solvent-cast 
annealed 
shear aliEned 
solvent-&t (Cl-k) 
solvent-cast 
shear aligned 
annealed 
solvent-cast 
annealed 
shear aligned 
hear alignment(“) 
4000 s: 1.0 rad/s, 70% 
4000 s: 1.0 rad/s, 20% 
4000 s: 1.0 rad/s, 100% 
3600 s: 1.0 rad/s, lOO%, 
3600 s: 1.0 rad/s, 70% 
500 s: 1.0 rad/s, 99%, 
3300 s: 1.0 rad/s, 70%, 
1600 s: 1.0 rad/s, 30%, 
1200 s: 1.0 rad/s, 70% 
15000 s: 0.02 rad/s, 20% 
15000 s: 0.02 rad/s, 20% 
14000 s: 1.0 rad/s, 30% 
15000 s: 0.02 rad/s, 20% 
Table 4.1: Sample preparation carried out at 15O’C. (a) P arameters given are: duration, 
shear rate, and amplitude. If not stated otherwise, the samples were solvent-cast from 
benzene. CHx stands for cyclohexane. Details about the preparation methods are given 
in the text. 
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4.2.3 Annealing 
For samples having ODT temperatures above 150°C, equilibrium might be achieved during 
long annealing above the glass temperature of the polystyrene blocks. For this purpose, 
a vacuum oven was constructed which is described in the Appendix. Pills of ca. 1 mm 
height were pressed as described above. They were annealed between two teflon platelets 
under vacuum (0.07 mbar) at 150°C for two days. Longer annealing times were avoided 
in order to minimise the risk of crosslinking. The structure obtained is a ‘polycrystalline’ 
lamellar structure (Fig. 4.3, left part), giving rise to isotropic small-angle scattering with 
diffraction rings (Chapter 5.5). 
4.2.4 Solvent-casting 
Solvent-casting is a widely used method to obtain oriented samples (e.g. [56, 57, 581). 
The alignment is induced by the film surfaces to air respectively the support; thus, the 
lamellar interfaces align parallel to the film surface. The thinner the film the higher is 
the degree of orientation. This technique was,, like annealing, applied for samples having 
ODT temperatures above 18O’C. A problem with this technique might be that a certain 
degree of order is achieved while solvent is still present [59]. Especially when solvent- 
casting below the glass temperature of the polymers, a non-equilibrium state may freeze 
in, and it is not sure that a bulk equilibrium state can be achieved during later annealing. 
The problem might be especially severe for long chains. As will be established below, the 
samples used in this study showed the same lamellar spacings as the ones prepared by 
annealing and solvent-casting. 
In this study, the polymer samples were dissolved in benzene (c = 39 - 90 mg/ml) 
which is a good solvent for both blocks. In order to study if the selectivity of the solvent 
plays a role in the ordering process, two samples (SBIOGL, SBI07L) were solvent-cast from 
cyclohexane (CHx) which is a selective solvent. CHx is a marginal solvent for polystyrene 
(the &temperature is 35°C) and a good solvent for polybutadiene. The solutions were left 
to dry in teflon beakers (diameter 50 mm) at room temperature for some days resulting 
in films of 0.6 f 0.1 mm height. Finally, the films were annealed for two days at 150” C 
under vacuum (0.07 mbar). 
4.2.5 Shear alignment 
The third method used in this study to bring ordered block copolymer samples into equi- 
librium was shear alignment. This method gives oriented samples and was applied for 
the first time to block copolymers by Hadziioannou et al. [60]. The sample is mounted 
between two plates and is subjected to oscillatory or simple shear at a temperature below 
the ODT temperature. The shear field leads to orientation of the lamellar grains. Three 
orientations can, in principle, be obtained as shown in Fig. 4.3. 
The mechanisms leading to alignment of polycrystalline domains are still under dis- 
cussion. Key parameters seem to be the shear rate and amplitude together with the 
temperature in comparison to the ODT [61, 62, 63, 641. It has not been clarified yet 
which mechanisms lead to alignment of ‘polycrystalline’ lamellar samples to form a ‘single 
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(a) (3) (4 
Figure 4.3: Three possible Iamellar orientations can be obtained by shearing a ‘poly- 
crystalline’ sample (left): the parallel (a), the perpendicular (b) and the transverse (c) 
orientation. The x-axis is parallel to the shear direction of velocity V; the y-axis is parallel 
to the shear gradient. Only (a) and (6) are considered to be equilibrium structures [61]. 
crystal’. However, the method has been used for the preparation of oriented samples in 
order to identify complex morphologies 165, 66, 671. There is so far only one study on the 
scaling of the lamellar thickness with chain length where shear aligned samples were used 
w31. 
In this work, shear alignment was used as an alternative method for bringing samples 
into equilibrium. In a first attempt, shear alignment of low molar-mass samples was carried 
out using the RMS-800 rheometer described in Chapter 3. The rheometer was operated 
in a parallel-plate geometry with plates having a diameter of 50 mm. The pill height was 
chosen to be 1 mm. As an example, results from sample SBll will be presented. The 
sample was heated to a temperature just above the ODT temperature (13O’C) under a 
stream of nitrogen gas. Then, it was cooled down to 118V, and, after some time, the 
dynamic elastic and loss modulus were measured applying a shear amplitude of 2% as 
a function of shear rate (Fig. 4.4). After the rate sweep, the sample was subject to 
shear for 155 min at the same temperature with shear amplitudes in the non-linear regime 
(between 50 and 200%) and a rate of 1.0 rad/s (Fig. 4.4). While shearing, the moduli 
were monitored. As the shear amplitude was not in the linear regime, the values obtained 
for the dynamic elastic and shear modulus were probably too low. However, changes in 
the moduli could be detected. Both moduli decreased strongly during the first couple of 
minutes and then reached plateau values indicating that the sample was oriented. The 
reason for the decrease of the elastic modulus is considered to be the following: In a 
polycrystalline sample, there are domains having the lamellar interfaces not parallel to 
the shear direction (Fig. 4.3a). Shearing these domains means pulling A-blocks into the 
B-part of the lamellae and vice oe~so. A restoring force arises which has its origin in the 
repulsive interaction of the different segments. During alignment, the domains orient such 
that the lamellar interfaces become parallel to the shear direction. Therefore, the elastic 
modulus connected to this process decreases with increasing degree of orientation. In order 
to study how the frequency-dependence of the dynamic elastic and loss modulus change 
during the alignment, the shear alignment was stopped several times and the elastic and 
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the loss modulus were measured with a low strain amplitude. In Fig. 4.4, data measured 
before the alignment, after 35 min and after 155 min of alignment are shown. The dynamic 
elastic modulus decreases, the longer the sample is aligned. The slope increases slightly 
(0.4 - 0.6). The loss modulus gets steeper in the terminal region during alignment: The 
slope increases from 0.59 =t 0.01 before alignment to 0.74 + 0.01 after 35 min and further 
to 0.92 i 0.02. For homopolymers, the typical behavior is G” K w1 [44]. We conclude that 
the samples become more and more liquidlike during the alignment procedure, because 
the interfaces align parallel to the shear direction. 
Figure 4.4: Left figure: Shear alignment ofsample SBllB at 118’C. The strain amplitude 
was 50% and the strain rate 1.0 rad/s. (o) dynamic elastic modulus, (A) dynamic loss 
modulus. Every second point is shown. fight figure: Dynamic elastic (open symbols) 
and loss modulus (filled symbols) of sample SBllB at ll&‘C. Data of the loss modulus 
(log(G”)) are shifted upwards by half a decade. Circles: measured before alignment, 
triangles: after 35 min of alignment with a shear amplitude of 50% and a shear rate of 1.0 
rad/s, stars: after further 120 min of alignment with amplitudes of 50 - 200% and a rate 
of 1.0 rad/s. During the frequency sweeps shown her, the strain amplitude was 2%. Lines 
are linear fits. 
However, it was not possible to shear align higher molar-mass samples in the RMS-800 
rheometer. Samples which are deep in the ordered state, i.e. strongly segregated, appear 
mechanically hard. This was the case for samples with molar mssses larger than -50000 
g/mol. With these samples, it was difficult to establish good contact between the pills 
and the plates of the rheometer. The upper plate of the rheometer was coupled to the 
force transducer which is very sensitive to axial stress. Lowering the upper plate onto 
the sample in order to squeeze it between the plates caused the transducer to switch off. 
Measurement of the rheological response or shear alignment was thus not possible using 
this rheometer. Therefore, we decided to use the RSA II rheometer (Rheometrics Solids 
Analyser) together with a shear sandwich fixture (Fig. 4.5) [69] for dynamically shearing 
the samples. For consistency, the RSA II rheometer was used for shear aligning all samples 
used for small-angle scattering investigations, also the lower molar-mass samples. In the 
shear sandwich geometry, pills are mounted pairwise between the insert and the jaws. 
The advantage of the RSA II instrument is that contact between sample and plates is 
established by fastening the front screw pressing the jars together. Thus: no load is put 
onto the force transducer when mounting the sample. Oscillatory shear in the vertical 
direction is applied by the actuator which is connected to the jaws whereas the response 
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DUCER 
ACTUATOR+ 
Figure 4.5: The test station of the RSA II rheometer (left part) and the shear sandwich 
fixture (right part) 1691. The sample is mounted in front of the gun heater. Before 
mounting the samples, the insert (upper part) is lowered such that it lies between the jaws 
(lower part). 
of the samples is monitored by the force transducer connected to the insert. 
Shear alignment was carried out as follows: Platelets of 0.5 mm thickness (12.5~16 
mm large) were cut from the pressed pills and mounted pairwise between the insert and 
the jaws. The samples were sheared at 150°C in the nonlinear regime (shear amplitudes 
of 20 - 100%) for 1 - 4 hours at frequencies of 0.02 (high molar-mass samples) or 1.0 
rad/sec. As shown by small-angle scattering (see below), all samples were oriented parallel 
to the shear velocity (Fig. 4.3a). Before and after shearing, frequency sweeps using low 
shear amplitudes were measured in order to see a possible effect of the alignment on the 
mechanical properties (Fig. 4.6). No significant differences were observed which might be 
due to that changes only appear at rates lower than the shear rate. No measurements 
were made at these frequencies. Only at high rates, a change in the signal is observed. 
The reason of this change is still unclear. During the shearing process, the dynamic elastic 
and loss modulus were recorded. As the obtained values were measured in the nonlinear 
regime they were only used to monitor a possible change of the signal with time. With 
most samples (SBI12C, SBI02D, SBIl5E, SBIOGD, SBIO’IK), it was observed that the 
moduli decreased during the first minutes and then remained constant or rose smoothly 
(Fig. 4.6). The fact that plateau values were reached was interpreted to mean that all 
‘crystallites’ were oriented. With two samples (SBI08C and SBIlOK) no change of the 
signal was observed during alignment. However, both samples were found to be oriented 
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(Chapters 5.4 and 5.5). 
Figure 4.6: Left figure: Dynamic elastic (o) and loss (A) modulus of sample SBI15E 
during shear alignment at 15@‘C. The shear rate was 0.02 Tad/s and the amplitude 20%. 
Every fifth datapoint is shown. Right figure: Dynamic elastic (o) and loss (A) modulus 
of sample SBI15E before (open symbols) and after (filled symbols) shear alignment. The 
shear amplitude was 2% and the temperature 150°C. 
4.3 Molar-mass distributions after preparation 
In order to make sure that the molar-mass distributions of the samples had not broad- 
ened too much (i.e. that the chain length was still well-defined) during the preparation, 
size exclusion chromatography (SEC) was carried out both on untreated samples (contain- 
ing Irganox 1010, after drying) and on prepared (annealed, solvent-cast and shear aligned) 
samples. For a description of the technique see Chapter 3. The SEC system consisted of a 
Knauer HPLC pump FR-30 together with a Knauer high-temperature differential refrx- 
tometer and the following set of columns: a PL gel precolumn and two 50 cm columns 
filled with Shodex A-80M. The system was run at a speed of 1 ml/min. The sample volume 
was 200 ~1. The column temperature was stabilized at 30”. Stabilized tetrahydrofuran 
was used as an eluent, and the system was calibrated with polystyrene standard samples 
having narrow molar-mass distributions (- 1.06). The polystyrene-polybutadiene samples 
were dissolved in toluene to 4 - 20 mg/ml and further in THF to 1.0 mg/ml. 
The results are summarized in Table 4.2. Fig. 4.7 shows that annealing, solvent- 
casting and shear alignment lead to flat shoulders on the high molar-mass sides indicating 
some crosslinking of the polymers. The arrows indicate the elution volume of dimers 
(two polymers crosslinked) and trimers. It can be seen that small amounts of dimers and 
trimers have formed during preparation. The molar-mass distributions were less affected 
by shear alignment than by the other techniques (solvent-casting and annealing) because 
the samples are at high temperature (150°C) f or much shorter time (some hours) than 
during solvent-casting and annealing (two days). 
The effect of heat treatment on the molar-mass distributions was found to depend on 
the chain length: Both samples shown in Fig. 4.8 contained 0.1 wt-% Irganox 1010 and 
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Figure 4.7:’ Size exclusion chromatograms of SBI15 containing 0.1 wt-% Irganox 1010: 
from left to right: untreated material, SBIl5E (shear-aligned), SBIl5F (annealed), and 
SBIlSA (solvent-cast from benzene). p = h?rq/liiv denotes the polydispersity index. 
Arrows indicate the elution volume of two or three times the peak molar mass. 
Figure 4.8: Size exclusion chromatograms of two samples with different molar masses 
containing the same amounts oflrganox 1010. Left: SBI12A (221OOg/mol), right: SBIOGA 
(91900 g/mol). Both samples were solvent-cast from benzene. p = iGw/A?)v denotes the 
polydispersity index. Arrows indicate the elution volume of two, three or four times the 
peak molar mass. 
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Figure 4.9: Size exciusion chromatograms of two samples of SB106 containing different 
amounts of Irganox 1010. Left SBIOGA (0.1 wt-%j, right: SBIOGG (0.5 wt-%;i. Both 
samples are solvent-cast from benzene. p = &.v/h;mr denotes the polydispersity index. 
Arrows indicate the elution volume of two, three or four times the peak molar mass. 
were solvent-cast from benzene. The shoulder in the chromatogram of the lower molar- 
mass sample (SBI12A, 22100 g/moI) is much less pronounced than the one of SBIOGA 
(91900 g/mol) because the amount of crosslinked material per crosslink increases with 
chain length. Thus, the higher the molar mass of the polymers, the more are their molar- 
mass distributions sensitive to crosslinking. Therefore, the amount of antioxidant in high 
molar mass samples was increased to 0.5% (Tables 4.1 and 4.2). The effect is shown in 
Fig. 4.9. The shoulder in the chromatogram is much less pronounced for SBIOGG (0.5 wt- 
%) than for SBIOGA (0.1 wt-%). For further structural studies, only samples with p 5 1.3 
were used. This corresponds to ~15% of crosslinked polymers in the case of sample 
SBIlOH as estimated from the areas under the peaks in the chromatogram. However, for 
the majority of samples, the degree of crosslinking is much lower (5-T%). The samples 
used for small-angle studies are marked with.an asterisk in Table 4.2. 
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IN / antioxidant 1 MWIMN I 
‘SBI12A: 1.12 ‘SBIl2Ca 
content [wt-%] untreated annealed solvent-cast shear aligned / 
374 0.1 1.07 *SBI12F: 1.14 
383 0.1 1.07 *SBIOSF: 1.09 
921 $ 0.1 1.11 *SBI02F: 1.20 1182 0.1 1.09 *SBI15F: 1.16 155.5 n~i 1 .llR SFm6F: (a\ 
1.08 *SBIOGH: 1.12 
‘SBIOGL: 1.12b I 
2511 0.5 1.09 *SBI07H: 1.26 *SBI07G: 1.18 *SBI07K: 1.16 
*SBI07L: 1.23b 
3090 0.1 1.08 SBIlOF: 1.35 SBIlOA: 1.45 SBIlOD: 1.35 
0.5 1.07 *SBIlOH: 1.31 ‘SBIlOG: 1.27 ‘SBIlOK: 1.16 
Table 4.2: Change of the width of the molar-mass distributions, I?&J/~N, during sample 
preparation. The error of fiu~l&l.w is - 0.05, as could be seen from repeated measure- 
ments. (a) not determined, (b) solvent-cast from cydohexane. Samples marked with an 
asterisk were used for small-angle scattering studies. 
Chapter 5 
Scaling behavior of the 
characteristic lengthscale 
chain length 
with 
As discussed in Chapter 1, structure and chain conformation are closely linked in block 
copolymer systems in the bulk. Deep in the disordered state, the chains are Gaussian. 
In the Gaussian regime, the characteristic lengthscale, D, scales with chain length, N, 
like D cc N’12 [S]. However, when approaching the ODT, concentration fluctuations arise 
[20] and the chains stretch, becoming dumbbell-like. It was found experimentally that the 
characteristic lengthscale scales like D oc Nos for XN > 6 [9]. This study was carried out 
using a homologous series of poly(ethylene propylene)-poly(ethylethylene) covering a range 
of XN N 2 - 33. Deep in the ordered state (in the strong-segregation limit), the lamellar 
thickness has been predicted to scale like D cy NeM3 [23] or D K N2j3 [70], respectively. 
It was not clarified if the exponent of 0.8 is valid also in the strong-segregation limit, or 
if there is a crossover from an intermediate regime around the ODT where D K No.8 to a 
regime deep in the ordered state where the exponents 2/3 or 0.643 are recovered. 
The aim of the present study is to reconcile the different predictions and experimental 
findings by studying the scaling behavior of the characteristic lengthscale with chain length 
in a large range in phase space (xN = 5 - 100). In particular, we are interested in 
establishing if a crossover exists from the intermediate regime to the strong segregation 
limit. A homologous series of symmetric polystyrenepolybutadiene diblock copolymers 
is used. This block copolymer has the advantage of having a large segment-segment 
interaction parameter, x, such that a large range in XN could be explored with polymers 
of moderate molar mass. The characteristic lengthscales were determined in a combined 
small-angle X-ray and neutron study. 
In the next section, the theoretical and experimental background for the present study 
is reviewed. Former experimental studies of the scaling behavior will be presented and 
discussed. The scattering from ordered, lamellar block copolymer systems is calculated by 
means of simple models. The scattering from disordered block copolymers as described by 
the Leibler structure factor is reviewed. Small-angle X-ray and neutron scattering results 
are presented. The scaling behavior of the characteristic lengthscale will be established. 
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We find that the characteristic lengthscale scales like D cc Nos for XN N 5 - 30, in 
accordance with [9]. Between XN 1: 30 and 100, a scaling like D K Ne6 is observed. This 
region is the strong-segregation limit. Thus, a crossover from an intermediate region to 
the strong-segregation limit is identified at XN N 30. A a modified phase diagram will be 
presented. 
5.1 The background 
In spite of more than 20 years of theoretical interest in the field of diblock copolymer phase 
behavior, no unified theory describing all regions in the phase diagram exists (Chapter 
1). However, the strong-segregation limit (SSL) and the disordered state can be described 
reasonably well by mean-field theories. The reason is that, in the SSL, the interfaces can 
be considered as narrow. Gibb’s free energy can be written in terms of few enthalpic and 
entropic contributions. The mean-field theories by Helfand and Wasserman [23] (which is 
reviewed in [IS]) and by Semenov [lo] are reviewed below. Deep in the disordered state, 
the melt can be considered completely homogeneous, i.e. concentration fluctuations are 
low in amplitude. The chains can thus assumed to be Gaussian. Leibler made a Landau 
expansion of the free energy [S], one result being the structure factor of block copolymer 
melts in the disordered state. Leibler’s approach will be dicussed below. 
In the vicinity of the ODT, the behavior is more complicated. Coming from the 
disordered state, concentration fluctuations arise when cooling towards the ODT. Domains 
start to form where the local density of A-segments deviates from average. The chains 
start to stretch as A- and B-blocks start to separate from each other. A scaling behavior 
different from Gaussian can thus be expected, even though the melt is still disordered. 
At the ODT, the melt eventually orders. However, the interphases between the A- and 
B-part of the lamellae are considered to be smooth, thus, some mixing still takes place. 
The concentration profile is assumed to be sinusoidal. Here, it is plausible that the chains 
are stretched, but not as strongly as deep in the ordered state. One should note that when 
going from the disordered to the ordered state, long-range order is established; however, 
locally, the concentration profile does not necessarily change drastically at the ODT. 
Some theoretical attempts have been made to address the intermediate region around 
the ODT [27, 71, 72, 73, 74, 751. The assumptions and the results will be reviewed below. 
Finally, the experimental studies which have been performed in order to establish the 
scaling behavior of the characteristic lengthscale with chain length will be presented. Only 
in one study, the exponent 2/3 is found to fit the data [57]. In other studies, different 
exponents were identified [9, 58, 59, 681. The experimental conditions and the results will 
be discussed briefly. 
5.1.1 Theoretical approaches 
The strong-segregation limit 
Helfand and Wasserman [23] have studied the SSL and have given an expression of the 
difference of Gibb’s free energy per chain deep in the ordered state and in the fully homc- 
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Figure 5.1: Left figure: Schematic diagram of a lamellar microdomain structure in a block 
copoJymer system. Right figure: The free energy per chain as a function of repeat distance 
d. The curves labelled ‘surface’, Ljoint’, and ‘domain’correspond to Hi,*, ASJ, and AS,, 
respectively. b is an average segment length and Z the chain length. Both figures are 
adopted from 1231. 
geneous state. Deep in the ordered state, the interphases between the A- and B-part of 
the lamella (or other microstructure) are assumed to be narrow compared to the repeat 
distance of the lattice, D. The assumed structure and the corresponding density profile is 
sketched for the case of lam&e in Fig. 5.1. In the following, the iamellar state is referred 
to as an example of an ordered morphology, however, the calculations of Helfand and 
Wasserman are valid for all morphologies. The lamellar thickness obtained is the result 
of a balance between enthalpic terms favoring a large value of the lamellar thickness and 
entropic terms favoring a small thickness. Several enthalpic and entropic contributions 
are considered: 
The enthalpy in the homogeneous state is the product of the Flory-Huggins segment- 
segment interaction parameter, x, and the nuinber of contacts between A- and B-segments 
[23]. The latter can be written as faf~ where 
fA = 
NA/PA 
NA/PA+ NB~PB 
is the volume fraction of the A-block and Jo + Jo = 1. NA and NB denote the number 
of segments per block and PA and pi the number density of segments. The enthalpy per 
chain in the disordered state in units of ~BT, where kB is the Boltzmann-factor and T the 
temperature, is given by [23] 
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where N, is the number of chains and p. the number density of chains. 
In the strongly segregated structure, the only contributions to the enthalpy arise from 
interactions in the interphase. The interfacial enthalpy per chain is given by the interfa- 
cial tension, y, times the interfacial area per chain. y, has been shown by Helfand and 
Wasserman [23] to be proportional to &. The interfacial area per chain is given by twice 
the chain volume divided by the lamellar thickness, D (there are two lamellar interfaces 
per lamella). In summary, the interfacial enthalpy is given by [23] 
Hint 27 
N,kBT=mx 
NA/PA+NB/PB 
D (5.3) 
The enthalpy in the ordered state is minimized by maximizing the lamellar thickness, thus 
favoring large values of the lamellar thickness. 
In the ordered state, the joints between A- and B-blocks are localized in the interphase 
which can be thought of as a layer of thickness a~ between the A- and the B-part of the 
lamella. The volume fraction available to the joints is %LJ/D (there are two interphases 
per lamella), thus the loss of entropy with respect to the homogeneous state is 
AS3 -=-$1, 
N&BT 
In order to minim&e the entropy loss by localizing the joints the system tends to minimize 
the 1ameIlar thickness relatively to the interphase width. This term thus favors small 
values of the lamellar thickness. However, it depends only weakly on D. 
Lamellar ordering implies a certain lose of entropy for the blocks. The chains have 
to fill the lam&e in such a way that the density is constant inside the two lamellar 
parts as depicted in Fig. 5.1. ’ The number of possibilities for a chain to reach out 
from one part of the lamella to the other part is lower than in the homogeneous state 
where the ends are free. This restricts the number of possible conformations to a large 
degree. In a simple picture, one chain can be imagined as a spring having an unperturbed 
length of the end-to-end distance (Fig. 1.3), R,, = aN’l2 [5] where a is the average 
segment length and N = NA + NB the total chain length. The entropy loss of an ideal 
spring, AS, i.e. of a polymer chain with freely rotating bonds, which is stretched to a 
length D/2 (half the lamellar thickness) is proportional to AS cc (D/R,,)2 cc (D/N’/2)2 
in case of Gaussian chains [4]. The reason for this entropy loss is that the higher the 
end-to-end distance of a chain, the smaller is the number of possible conformations. In 
numerical calculations, Helfand and Wasserman showed that the dependence is slightly 
stronger, namely AS cx (D/N’/2)2.5. Th e entropy loss caused by chain stretching due to 
the requirement of constant density is thus given by [23] 
(5.5) 
‘The polymer density cm be assumed to be constant which is grounded on the observation that the 
bulk modulus of polymers typically is large compared to the shear modulus. This is due to the fact that 
the potential well (e.g. of a Lenard-Jones potential with a repulsive and an attractive part) between two 
segments is steep, thus the energy required for segments to change the mutual distance is high Therefore, 
the mutual distance does not iiuctuate significantly and the density is dose to being constant. 
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where c, is a numerically determined constant. This entropic contribution favors small 
values of the lamellar thickness. 
Assembling all terms, the difference in Gibb’s free energy per chain between the ordered 
and disordered state is obtained: 
AG G oideied - Gdisordered 
N,ksT= N&BT 
(5.6) 
Hint A% = -- __- 
N&BT TN,kBT 
A& &is 
TN,kBT-m (5.7) 
2.5 
- Cdis (5.8) 
where the c’s are constants independent of N and D, except the last one, c&s which depends 
on N. The constants are temperature-dependent. In their further calculations, Helfand 
and Wasserman considered completely symmetric diblock copolymers: PA = PB = p, 
a~ = ag = a, and DA = Dg = D/2 [23].’ In fact, only the latter assumption is met in the 
experiment with symmetric diblock copolymers (jA = 0.5) and it cannot be excluded that 
the results depend on the choice of these parameters. The dependence of the three first 
terms on the lamellar thickness for fixed temperature is shown schematically in Fig. 5.1. 
The enthalpy term Hint decreases strongly with rising D, thus favoring small values of D. 
This term is counterbalanced by the rise of the two entropy terms ASJ and AS,. The 
sum of these terms, the free energy, displays a minimum at a certain lamellar thickness 
which represents the equilibrium thickness. Finding the minimum of AG/(N,kBT) with 
respect to D leads to 
D ~ N?f ‘4 = No.643 (5.9) 
as a limiting behavior for large values of the chain length. Then, the logarithmic term can 
be neglected. The diblock copolymer was assumed to be completely symmetric. 
Semenov [lo] was able to give an analytical result of the free energy related to chain 
stretching. This contribution was found to scale with D/(cxN’/~)~, thus like in the case 
of Gaussian chains even though the chains were assumed to be strongly stretched, the 
chains ends being distributed at excess in the middle of the lamella parts. This leads to 
the following behavior of the lamellar thickness: 
‘13 
&Ap/Xp 
The exponent found by Semenov for the scaling of the lamellar thickness with chain length 
(D cc N2/3) is slightly higher than the result from Helfand and Wasserman (D cx N”.643). 
Another mean-field theory describing the ordered state has been published by Ohta 
and Kawasaki [78]. These authors use the random-phase approximation which, as will 
be established below, treats the chains as Gaussian. This assumption is only valid in 
the disordered state and in the vicinity of the ODT. However, an exponent of 2/3 was 
identified. 
As will be established below, we find an exponent of 0.6 for XN 21 30 - 100 which is 
slightly lower than the predictions reviewed here. 
‘In case of polystyrene-polybutadiene, there are slight differences: the densities me pps = 1.05 g/cm3 
and pps = 1.05 g/cm3 (Chapter 2 and the segment lengths are both -6.9.&[76, 771. 
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The disordered state 
We now turn to the description of the disordered state where the mean-field theory of 
Leibler [8] has been proven to be successful. This formalism has later been used as a 
starting point to describe the intermediate region (see below). 
Leibler could predict the phase transitions from the disordered state into ordered states 
with different morphologies. In addition, he calculated the structure factor in the disor- 
dered state. In the following, we will only review the characteristics of the theory as far 
as it is relevant for the present study. 
Leibler made a Landau expansion of the free energy of block copolymer melts where 
the deviation of the local number density of A-monomers from the mean density served 
as an order parameter, +: 
$(F) = (PA(F) - fA) (5.11) 
where p(F) = p~(F)/p.~ is the normalized density. The average number density pau is 
given by p.,, = PA(?) +p~(f) and fA is the volume fraction of the A-block. This approach 
has proven successful in the vicinity of second-order and weak first-order phase transitions 
where the amplitude of the order parameter is small. Assuming incompressibility of the 
block copolymer melt, the density pa,, can be considered to be constant throughout the 
sample.3 The order parameter $(F) is zero throughout the sample deep in the disordered 
state and different from zero in the ordered state. In order to calculate the free energy 
of block copolymer melts, Leibler used a random phase approximation: The response to 
the potentials was calculated as if the chains were Gaussian (as in homopolymer melts). 
However, when calculating the external fields conjugated to the order parameter, the 
interaction potentials between monomers were included. By calculating the free energy 
for different morphologies (disordered, cubic, hexagonal, lamellar), Leibler determined the 
phase diagram in the vicinity of the ODT.4 The phase transitions were shown to be weak 
first-order for asymmetric diblock copolymers. A critical point was predicted for symmetric 
diblock copolymers at xN=10.5. Here, a second-order (continuous) phase transition from 
the disordered to the lamellar phase was predicted. In this case, the order parameter 
(i.e. the amplitude of the lamellar profile) should rise continuously starting from zero at 
the ODT. Fluctuation theory (see below) showed that the transition is weakly first-order 
for all values of. the volume fraction, f, also for f = 0.5. 
Another result of Leibler’s theory is the structure factor in the disordered state as a 
function of the radius of gyration, Rs, the chain length N, the Flory-Huggins interaction 
parameter x and the scattering vector q: 
‘It has later been shown by McMullen and Freed [79] and by Tang and Freed [80] that releasing the 
incompressibility constraint changes the shape of the structure factor. However, in the case Nn = NE = 100 
and x = 0.05 which is comparable to the samples studied in this work, the peak position does not vary 
upon introducing a finite compressibility [SO]. 
4This region used to be termed the ‘weak-segregation limit’. As it is not unambiguously defined (Chapter 
1, we will not use this term. 
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Figure 5.2: Leibler’s structure factor in arbitrary units of a diblock copolymer melt (f = 
0.25) as a function of z = q2Ri. Dotted line: XN = 17.5, dashed line: XN = 16.0, full 
line: XN = 12.5. For f = 0.25, the XN-v&e at the ODT is -18. Adopted from 181. 
where z=qz R; and where 
dL xl 
F(5) = s(f, z)g(l - f, 5) - &(l, x) - df, 2) - !?(I - I, z)12 (5.i3) 
where 
g(f; z) = $[fz + e-f* - l] (5.14) 
is the Debye function giving the formfactor of one block. Even in the athermal limit (x=0) 
the structure factor is non-vanishing. In this case, the structure factor only describes 
the correlation hole: in the vicinity of an A-monomer, the probability of finding an A- 
monomer of a different chain is lowered because the chain to which the reference monomer 
belongs already occupies a certain volume [6]. The structure factor displays a broad peak 
(Fig. 5.2). As the chains were assumed to be Gaussian, the peak position, q’, which is 
inversely proportional with the radius of gyration of the block copolymer scales like [S] 
q’ cc R;’ xx N-Ii2 (5.15) 
The characteristic lengthscale defined in terms of Bragg reflections, scales thus with 
D cc Rg x N112 (5.16) 
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The variation of the characteristic lengthscale with temperature or chain length is thus 
only dependent on the behavior of the radius of gyration, i.e. for Gaussian chains: 
D o( N1j2 (5.17) 
In summary, according to mean-field theories we would expect the following scaling of 
the lamellar thickness with chain length: 
D K Ns where 
6 = l/2 deep in the disordered state 
6 = 0.643 or 2/3 deep in the ordered state (5.18) 
The intermediate region 
As the present study focuses on the intermediate region and the crossover to the SSL, 
some of the theoretical approaches dealing with this region will be reviewed. They can be 
classified into modified mean-field theories [71, 72, 73, 74, 751 and theories incorporating 
fluctuations [27]. In the following, we will sketch the assumptions, methods and results of 
the different approaches. 
Figure 5.3: ln(D/R,) (Rg K N1/*) as a function of ln(xN) for f=0.5. Adopted from 
Melenkevitz and Muthukumar [7IJ. 
Melenkevitz and Muthukumar [71] identified by means of a density functional theory 
three regimes, all of them in the ordered, lamellar state (see Fig. 5.3): a region in the 
vicinityof the ODT: xN=lO.5-12.5, where D c~ No,‘, an intermediate region: xN=12.5- 
95, where D CC N”.72xo.22, and the SSL: XN > 95, where D cc N”.67xo.‘7. 
Tang and Freed [72] assumed Gaussian statistics for each block and used an expression 
for the free-energy functional given by Ohta and Kawasaki [78]. Their expression for the 
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free energy density contains two terms: a stretching term cc (D/N)’ and an interfacial 
term cz (x - C(f)/N)‘/*/D where C(f)=3.6 for j=O.5. The second term is different 
from the one given by Helfand and Wasserman [23] and is due to a smooth density profile 
implying some mixing. The authors found that the characteristic lengthscale, D, varies 
as follows for a symmetric diblock copolymer system: 
where a is the average segment length. This expression converges to D K N2j3 for large N. 
The authors evaluated the peak position, q’ as a function of XN in a range of XN = lo-24 
and found an exponent 6=0.72 thus higher than the mean-field predictions in the SSL. We 
plotted expression 5.19 for our case, where x=0.0325 at the working temperature, 150°C 
and in the N-range studied (not shown). Linear fits for low and high N yield exponents 
6l,, = 0.73 and 6high = 0.68. The exponent is thus higher in the vicinity of the ODT than 
in the SSL. A crossover is found at XN N 25. The authors do not mention the existence 
of a crossover. The model fails in describing the disordered state where N < C( j)/x. 
Vavasour and Whitmore [73] used self-consistent field theory and found for symmetric 
dibiock copolymers that the lamellar thickness, D, scales with chain length like 
D 0: a(XN)PN1’2 (5.20) 
where a is the average segment length and p N 0.2 in the SSL, i.e. D cc N”.7. As the 
system approaches the ODT, p + l/2, i.e. D K N1. 
Figure 5.4: Lam&r thi&ness, D, divided by the unperturbed radius of gyration (Rg K 
IV’/‘) ss a function ofxN. Adopted from McMullen 1741. The full line is the result of the 
fourth-order expansion, the dash-dotted iine from second-order. 
McMullen [74] used a density-functional approach which is related to the random 
phase approximation used by Leibler [8]. The influences of higher-order terms (up to 
fourth order) were evaluated Lnd the dependence of D/R, (where Rg is the unperturbed 
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radius of gyration, Rg x N’/‘) on XN was determined. The result in the ordered state is 
shown in Fig. 5.4. The fourth-order expansion yields a curve having a steep rise between 
XN Y 10.5 and 12.5. In the region XN z 12.5 - 30 the curve is flatter and an exponent of 
1.0 can be read off. At much higher values of XN (> 100) the curve reaches the 2/3-law. 
Extrapolating the lines in the log-log-plot, a crossover can be identified at XN 21 55. 
! 5. 0 
Figure 5.5: ln(D/R,) (Rg cc N’/‘) as a function of ln(xN) for ~+I.5 Circles are numer- 
ical results, dashed lines are anaiytic predictions for the weak [Eq. 5.21) and the strong 
segregation limits (0 CC !V2/3). Adopted from Sones et al. [75j. 
Sows et al. [75] studied a mean-field model similar to that of Helfand between XN = 10 
and 120 assuming the density profile to be sinusoidal. Numerical calculations lead to the 
identification of an intermediate regime (xiv < 17 - 18) where 
D = 0.844R,(~N)~.~~~ = 0.141aZN’.071~o.‘71 (.5.21) 
For higher values of xX, the SSL exponent 2/3 is regained (Fig. 5.5). 
Fredrickson and Helfand [20] studied the influence offluctuations on the phase behavior 
in the vicinity of the ODT. In this way, the Leibler theory [8] was improved. It was 
shown that the Hamiltonian belonged to the same universality class as the Brazovskii 
Hamiltonian [Sl] which describes phase transitions from isotropic to anisotropic states; as 
is the csse with block copolymer systems. The phase transition as found for the Brazovskii 
Hamiltonian is first order, even for j = 0.5 and not second order, as predicted by Leibler. 
Taking fluctuations into account, the location of the phase transition is shifted. The most 
severe change compared to Leibler’s results is the location of the ODT, (xN)o~r which 
in the Fredrickson-Helfand theory is dependent on chain length. For symmetric diblock 
copolymers, the ODT is located at (XN)ODT = 10.495f41.022n-1/3 where ,v = N(as/v’) 
(a denotes the segment length and 21 the specific segment volume). Thus, the smaller the 
chain length, N, the lower the ODT temperature. For N --t co, the mean-field result is 
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recovered. As the value of the characteristic lengths&e was kept fixed in this approch, 
no predictions could be made about the scaling behavior of the characteristic lengthscale. 
The approach of Barrat and Fredrickson [27] takes the fluctuation theory of Fredrick- 
son and Helfand [20] as a starting point. They released the characteristic lengthscale 
and evaluated 9*R, = 4*(Na2/6)r/s as a function of XN for different values of N. The 
curves are horizontal for low values of xN, but at larger XN-values, the peak position 
decreases with rising xN. The theoretical curve could be shown to fit experimenatal data 
[9] (Fig. 1.9) quantitatively. However, the authors state that their approach cannot easily 
be extended further into the ordered state. 
In summary, several theoretical approaches to the region between the fully homoge- 
neous state and the SSL have been made. In this intermediate region, exponents higher 
than the exponent predicted for the SSL (2/3) h aye been found. The difference in scaling 
between the intermediate region and the SSL is closely related to the shape of the density 
profile which is close to sinusoidal in the intermediate region and which has sharp inter- 
faces in the SSL. A crossover from an intermediate regime with an exponent higher than 
2/3 to the SSL is thus likely to exist. As will be established below, we have identified a 
crossover from a region where D K No,’ (xN N 5 - 30) to the SSL where D CE N”.6. 
5.1.2 Experimental studies 
Several experimental studies of the scaling of the lamellar thickness with chain length have 
been carried out during the past 16 years. The characteristics of some of these studies will 
be outlined in chronological order. 
An electron microscopy and SAXS-study of six polystyrene-polyisoprene diblock copoly- 
mers was carried out by Hashimoto et al. [57]. Samples had molar masses between 21000 
and 102000 g/m01 and were nearly symmetric in composition. They were solvent-cast from 
toluene and were left to dry at 30°C and at room temperature under vacuum for several 
days. The samples were found to be well oriented, the lamellae being parallel to the film 
surfaces, and the lamellar thickness scaled at room temperature like D=O.24&@ where 
M, denotes the number-average molar mass. 
Hadziioannou and Skoulios [68] studied a homologous series of nine nearly symmet- 
ric polystyrene-polyisoprene diblock copolymers having molar masses between 8500 and 
205000 g/mol of which eight were ordered. Samples were subjected to oscillatory shear 
(which aligns the lamellar domains) and were annealed above the glass temperature of the 
polystyrene blocks. The lamellar thickness, as determined with SAXS at room tempera- 
ture, scaled like D=0.06h4~~79*o~02. Th 1s exponent is substantially higher than 2/3. Also 
the prefactor is very different from the one found by Hashimoto et al. [57]. It might be 
that the difference compared to Hashimoto’s study lies in the way of preparing samples: 
here, the samples were shear aligned instead of solvent-cast. 
Richards and Thomason [59] studied (among other samples) six polystyrene-poly- 
isoprene diblock copolymers having molar masses between 37770 and 178100 g/mol us- 
ing electron microscopy and SANS. The weight fractions of the polystyrene blocks were 
0.514-0.728, i.e. the polymers were not really symmetric. All samples were ordered. Sam- 
ples were solvent-cast from toluene and left to dry at room temperature for two weeks (one 
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week under vacuum). The authors stated that these conditions probably will not lead to 
equilibrium. These authors found D = 0.997 A A4”.s6 for the ‘interdomain separation’, D 
(which corresponds to the lamellar thickness) and L = 0.22 8, Mg6s where 2 denotes the 
thickness of the polystyrene part of the lamella and MD the molar mass of the polystyrene 
block. It should be stated that there are larger discrepancies between the values found 
with EM and with SANS. The authors express their surprise about the different exponents 
found for D and L and speculate that the preparation conditions probably did not lead 
to equilibrium. 
Matsushita et al. [58] studied a homologous series of ten polystyrene-poly(2-vinyl- 
pyridine) diblock copolymers. Sample molar masses ranged between 38000 and 739000 
g/mol and were thus much higher than the samples studied so far. Samples were solvent- 
cast at room temperature from toluene and studied by SAXS (also at room temperature). 
The samples were found to be well oriented. A scaling relation D=0.33.&M,0.64*o.03 was 
found, which corroborated the prediction of Helfand and Wasserman [23]. 
Almdal et al. [9] studied nine poly(ethylene propylene)-poly(ethy1 ethylene) samples 
having chain lengths in the range N = 125 - 1890. Five of the samples were disordered. 
An advantage of these samples compared to block copolymers having a polystyrene block 
is their low glass temperature (below -5OO). The samples were annealed just by keeping 
them at room temperature. An exponent 6=0.80 i 0.04 was found in a region around 
the ODT: 0.57 NODT < N < 2.4 NODT at 23’C, which corresponds to XN = 2 - 33. A 
crossover to the Gaussian regime was identified at XN N 6 [22] (Fig. 1.9). 
To summarine, different values of the exponent S have been obtained experimentally, 
lying between 0.56 and 0.80. This large span might be due to the fact that chemically 
different polymers were studied. Another reason might be that different regions in the 
phase diagram were studied: e.g. the region around the ODT [9] or the region deep in 
the ordered state [58]. Also, different preparation methods were used: solvent-casting at 
room temperature, shear alignment above the glass temperature and annealing above the 
glass temperature. 
In the present study, we attempt to reconcile the different results obtained so far, 
especially to establish the link between the intermediate region and the SSL. As stated 
in Chapter 1, a region XN 2: 5 - 100 was studied using a homologous series of sym- 
metric polystyrene-polybutadiene diblock copolymers. In order to study the influence 
of the preparation method chosen on the lamellar thickness, annealing, solvent-casting 
and shear alignment were used (Chapter 4). Before preparation, samples were stabilized 
against degradation by adding antioxidant and care was taken that the polydipersity in- 
dex was not higher than 1.3 after preparation. We have also studied the influence of the 
selectivity of the solvent used for solvent-casting. For consistency and in order to avoid 
non-equilibrium effects, preparation and examination were carried out at the same tem- 
perature (150°C) which was chosen to be above the glass temperature of the polystyrene 
block (2 lOO”C), but below the degradation temperature of the polymers (degradation is 
estimated to become a severe problem above ca. 180°C). A combined SAXS and SANS- 
study was performed in order to cover a large range of scattering vectors and to determine 
the peak positions as precisely as possible. 
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5.2 Small-angle scattering - the technique 
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Small-angle X-ray (SAXS) and neutron (SANS) scattering are powerful tools for structural 
investigations on a lengthscale between -10 and 1000 8, and have been widely used for 
studying very different samples, e.g. colloidal and macromolecular solutions, polymeric 
systems, porous glasses, alloys and ceramic materials. The technique has been extensively 
reviewed in [82, 831, for instance. A survey and a comparison of SAXS and SAM is given 
in [84]. Recent developments in small-angle scattering of soft condensed matter are studies 
of samples under shear and time-resolved studies using synchrotron radiation. These and 
other topics were discussed at the NATO Advanced Study Institute in 1993 which dealt 
with the ‘Modern Aspects of Small-Angle Scattering’ [85]. 
An X-ray or neutron beam penetrates the sample under investigation and the angular 
dependence of the intensity of the scattered radiation is recorded. The difference of X- 
ray and neutron scattering lies in the way the beam and the sample interact: in X-ray 
scattering, the photons interact with the electrons in the material, thus, it is the electron 
density that is probed; in neutron scattering, the neutrons interact with the nuclei in the 
sample via nuclear forces, thus probing the scattering length density. 
Scattering triangle: 
Figure 5.6: General scattering experiment with the scattering triangle. Adopted from [84]. 
In this section, the review given in [84].will be followed. A general scattering experiment 
is shown in Fig. 5.6. The incoming beam is considered a plane wave having a wavevector 
z with the length ]z/ = 2x/X, X being the wavelength. Each scatterer emits a spherical 
wave having a wavevector 2’. The scattering vector is then defined as 
<=jg-g (5.22) 
From the scattering triangle (Fig. 5.6) which is valid in the case of elastic scattering 
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(lkl = I,@[), the relation 
4Tnsin B q=- 
x 0 2 
(5.23) 
is found. As the refractive index n is very close to unity in case of X-ray and neutron 
scattering it is usually set to 1.0. The scattering amplitudes from an extended sample 
containing many scatterers, each contributing a spherical wavelet, are added up: 
A(f)= /&p(i) exp(iq’.F) (5.24) 
v 
where p(F) denotes the density of scatterers and V the scattering volume. Then, the 
intensity is proportional to5 
W = A(q 
= 
/ 
d@(Fl) exp(if. Fr)p(G) exp(-iq’. ?s) 
V 
(5.25) 
(5.26) 
(5.27) 
Transforming the coordinates according to i= Fr - Fs and F’ = Fs and rearranging the 
integrals leads to 
I(f) = / dFexp(ip’. F) Jdi’p(i’)p(F+ F’) 
v ” 
Thus, the scattering intensity is a measure of the density distribution in the sample. The 
latter integral is proportional to the pair correlation function: 
G(F) = ; / d~“(p(r”))(~(r’+ F’)) 
v 
where N denotes the number of scatterers. The brackets denote an ensemble average 
which, in ergodic systems, is equal to the time average. 
Structures on large lengthscales compared to the probing wavelength give rise to scat- 
tering at small angles. The maximum lengthscale, T, that can be explored in a scattering 
experiment is thus related to the minimum q-value attainable, qmin. r is given by [87] 
The value of qmin is determined by the width of the primary beam. The minimum length- 
scale that can be investigated is r,in z X/2,corresponding to backscattering. Most small- 
angle scattering instruments have a maximum scattering vector of qmaz N 1 A-l corre- 
sponding to a minimum dimension of ca. 10 A. 
Other methods for structural investigations are electron microscopy and light scat- 
tering. With electron microscopy, approximately the same lengthscales as in small-angle 
scattering can be studied, but the technique has the advantage of giving a real-space pic- 
ture. However, electrically isolating samples have to be stained with metal oxides which 
‘Here, the Thomson factor, the incoming flux, geometrical factors and other prefacton are omitted 1861. 
Nevertheless, we use the equality symbol for simplicity. 
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can lead to artifacts and, as microscopy is a surface technique, it has to be used very care- 
fully. In order to get a picture of the bulk, samples have to be microtomed, i.e. cut into 
very thin slices. In addition, electron microscopy is only a local probe. In light scattering, 
the wavelengths used are much larger than in X-ray or neutron scattering, typically some 
hundred nanometers. The q-range accessible is typically N 0.001 - 0.004 A-‘, much larger 
objects can be studied than with small-angle scattering. 
5.3 Models for scattering from block copolymer systems 
In order to model the intensity as a function of the scattering vector, a model for the 
density profile of the block copolymer samples is taken as a starting point. A sketch of 
the density profile of the A-block, 4 A, of symmetric diblock copolymers in the disordered 
and in the ordered state and in the vicinity of the ODT is shown in Fig. 1.8 in Chapter 1. 
Deep in the ordered state, symmetric diblock copolymers have a lamellar structure and the 
interfaces are sharp. Coming closer to the ODT, the interfaces become more diffuse and, 
eventually, the density profile is close to sinusoidal. In the disordered state close to the 
ODT, there are still concentration fluctuations even though the structure is disordered. 
Deep in the disordered state, the melt is homogenous and the Leibler structure factor [8] 
is a good approximation to describe the correlations between A- and B-segments. 
In the following, the scattering intensity of a symmetric diblock copolymer system 
deep in the ordered state is calculated by means of a simple lamellar model. Then, the 
scattering of a sample having a sinusoidal density profile is given and the Leibler structure 
factor is reviewed. 
5.3.1 The strongly segregated state 
In case of lamellar diblock copolymer systems in the strong-segregation limit, a simple, 
one-dimensional model for the density can be applied. The density is assumed to vary 
along the z-axis as shown in Fig. 5.7, i.e. 
;; (n+4)D <z< (n+lP 
nD <r< (n+4)D 
D is the lamellar thickness. 4 is the fraction of the lamella where p(z) = pi. 4 is a number 
between zero and one. 0 5 n 5 N - 1 is an integer. The height of the lamellar stack is thus 
ND. ND is analagous to the volume in three dimensions. In the two other dimensions 
(z and y), the density is assumed to be constant. The model describes a single-crystal. 
Density fluctuations on the lengthscale of single polymer segments give rise to small-angle 
scattering at much higher angles which is why the crude model can be applied successfully. 
The intensity is split up into a form- and a structure factor where the formfactor 
describes a single lamella and the structure factor the regular array of lamellae. For this 
purpose, the density profile of a stack of N lamellae is written as the convolution product of 
one lamella of thickness D and a lattice peak function of a regular one-dimensional lattice 
[86]. This approach is analogous to the basis and lattice formalism in crystallography and 
is valid if the structure consists of lattice cells containing the same density profile. The 
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Figure 5.7: Simple model for the density profile in a Jamellar block copolymer system. For 
symbols see text. 
basis thus corresponds to a single lamella: 
C AP Ps(4 = o if 0 <z< $0 if 4D <z< D 
where Ap = pz - ~1. The subscript s refers to a single lamella. p1 is set to zero because 
the scattering is measured relative to ~1. The lattice peak function describing the position 
of lamellae is a sum of delta functions 
~((2) = 5 6(z - nD) (5.33) 
n=l 
where the subscript I refers to the lattice. The scattering intensity is proportional6 to 
the product of a formfactor F(q) (describing the scattering of a single lamella) and of a 
structure factor S(q) (describing the scattering of the lattice): 
%4 = IF(q)?W (5.34) 
where F(q) is the Fourier transform of p.(z) 
F(q) = /dzp,(z)ei4’ (5.35) 
and S(q) is the modulus squared of the Fourier transform of the lattice function pi(z). 
The formfactor is given by 
(5.36) 
‘Again, prefactors are omitted [86]. 
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Figure 5.8: Upper figure: Structure factor for symmetric JameJJae, 4=0.5, and for different 
values of N. The lamellar thickness was set to D = 1. Middle figure: Formfactor for 
symmetric JameJJae, 4 = 0.5 (full line) and for asymmetric JameJJae, 4 = 0.1 (broken line). 
D = 1 and Ap = 1 were used for both curves. The dotted fines represent the positions 
of the Bragg peaks of the lattice peak function, q = 2nklD. Lower figure: Scattering 
intensity. The following parameters were used: N = 1000, D = 1, Ap = 1. Upper curve: 
c$ = 0.5, lower curve: 4 = 0.1. 
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and the structure factor by 
(5.37) 
The structure factor has maxima at Q = 27rk/D (Ic being an integer),. Using I’Hospital’s 
rule, S(q) can be shown to converge to N2 at the peak positions (4 = 2?rk/D). Combining 
the form- and the structure factor gives the scattering intensity: 
4(Q)’ 2 ICq) = 42 sm 
The peak height is given by 
(5.38) 
We will now examine the structure and the formfactor in detail. The structure factor 
for symmetric lamellae (Eq. 5.37) is shown in Fig. 5.8 for different values of N. The larger 
N, the sharper are the diffraction peaks and the lower is the background compared to the 
peak height because of interference effects. Plotting the formfactor /F(q) I2 (Eq. 5.36) for 
symmetric (4 = 0.5) and strongly asymmetric lamellae (4 = O.l), it is found for symmetric 
polymers that the even order peaks are suppressed (Fig. 5.8). For 4 = 0.1, every tenth 
order is suppressed. As the formfactor is proportional to sin2(qD~/2)/q2 (Eq. 5.36), 
the envelope of the formfactor decreases with Q like l/$. For symmetric lamellae, the 
height of the first diffraction maxima (up to fifth order) falls strongly with rising order 
of diffraction whereas it is relatively constant for the first five orders of diffraction for 
asymmetric lamellae. This is the reason why only a limited number of Bragg reflections is 
observed in case of symmetric lamellae (Chapter 5.4): The formfactor ‘kills’ the structure 
factor. 
In Fig. 5.9, the first order Bragg peak is shown for different values of N. The inten- 
sities are divided by N2. The smaller N, the broader the peaks and the higher are the 
sidemaxima compared to the peak. We now attempt at deriving the relationship between 
the half width at half maximum, HWHM, and the stack height, ND. The HWHM is 
calculated by regarding the intensity around p = 0 [88]. This can be done without lack of 
generality because I(q) is a periodic function. From Eq. 5.38, it follows that 
I(q = 0) = (Ap)2(ND)2#2 (5.40) 
This expression has been found by approximating sin(qD$/2) x qDb/2 and sin(qD/2) N 
qD/2. It has also been used that sin(s)/z -+ 1 for z -+ 1. The half width at half 
maximum, q,zr, is determined by I(qH) = 1(0)/2. Using the same kind of approximations, 
one arrives at 
sin’(qHND/2) = 1 
(qHND/2J2 5 
(5.41) 
This equation is transzendental and is approximately solved by 
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Figure 5.9: First order Bragg reffection of symmetric JameJJae for D = 1, Ap = 1 and for 
different values of N. The intensities are divided by N’. 
The HWHM is thus given by 
2.783 
HWHM=gH~ND (5.43) 
This result is used for analysis of SANS-spectra where Lorentz-functions were fitted to the 
Bragg reflections (Chapter 5.5). 
I(q) = I0 1+ (4 - q*)T (5.44) 
were fitted to the peaks. The half width at half maximum of a Lorentz- function is l/c. 
Combination of these expressions yields 
which allows to estimate the average number of lamellae stacked per grain, N. The lamellar 
thickness, D, is deduced from the peak position. 
The resulting intensity is shown in Fig. 5.8 for symmetric and asymmetric lamellae and 
shows the characteristics discussed above. If the intensity of the single-crystal is divided 
by the Lorentz factor for polycrystals, i.e. for randomly oriented grains [89], the intensity 
of a polycrystalline lamellar structure is obtained: 
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where the subscripts s and p stand for single- and polycrystalline. This leads to the 
following peak height: 
NZD4Ap2 
16n5k4 
sm2(7rkd) (5.47) 
The envelope of I,(q) decreases with km4. This scaling is consistent with the Pored law 
which states that the intensity of an isotropic structure with sharp interfaces scales with 
qm4 at large scattering angles [go]. 
To conclude, spectra of symmetric lamellar systems are expected to have the following 
characteristics: Bragg peaks appear at q- = 2xk/D where D is the lamellar thickness and 
k an odd integer. The peak height decreases strongly with rising order: IPeak cc ke2 for 
oriented lamellae and Ipeak x km4 for ‘polycrystalline’ systems. 
Another way of calculating the scattering intensity is to write the intensity as the 
modulus squared of the scattering amplitude. This approach gives the same result as 
found here. The calculation is given in Appendix B. 
The crude model of the lamellar state assuming sharp interfaces and constant density 
within the A- and the B-part of the lamellae has been improved (for a review see [91]) to 
include both diffuse boundaries and density fluctuations within the lamellae. Both effects 
lead to deviations from the Pored law which states that I(q) cx qe4 for large values of q 
Pll. 
5.3.2 The ordered state close to the ODT 
Figure 5.10: Left tigure: Formfactor for symmetric JameJJae having a sinusoidal density 
profile, 4 = 0.5. D = 1 and Ap = 1. The dotted lines represent the positions of the Bragg 
peaks from the lattice, qk = 2nkfD. Right figure: First order Bragg peak calculated for 
N = 50, using D = 1, Ap = 1 for the rectangular profile (full line, Eq. 5.38) and Ap = 4/1r 
(see text) for the sinusoidal profile (dashed line, Eq. 5.49. The intensities were divided by 
N2. The curve for the rectangular profile is shifted by 0.05. 
Close to the ODT, the density profile can be assumed to be close to sinusoidal, i.e. the 
concept of narrow interfaces cannot be applied anymore. In case of symmetric diblock 
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copolymers, the sinusoidal density profile of a single lamella is approximated by 
The formfactor then reads (Eq. 5.35) 
(5.49) 
IF( vanishes at q = 2lrk/D for all k except k = 1 (Fig. 5.10, left figure). This means 
that all Bragg peaks except the first one are suppressed and only the first-order Bragg 
peak is observed in the spectra. The absence of higher order peaks is thus characteristic 
for a sinusoidal profile. We observed this behavior with two samples which were close to 
the ODT (Chapter 5.5). 
Comparing the peak shape as deduced from a rectangular and a sinusoidal profile, no 
difference in width is observed (Fig. 5.10, right figure). The amplitude of the sinusoidal 
profile was multiplied by 2/x in order to obtain the same area under the density profile 
as for the rectangular profile. 
5.3.3 The disordered state 
Disordered diblock copolymer systems deep in the disordered state can be described by 
the Leibler structure factor [S] which is given above (Eq. 5.12 and Fig. 5.2). The structure 
factor goes to zero at zero scattering angle which reflects the incompressibility because 
the forward scattering is proportional to the isothermal compressibility [S]. The shorter 
the chains, the deeper the sample is in the disordered state and the flatter the structure 
factor. The peak positions are shifted according to the chain length As has been shown 
by Leibler and Benoit [92], it is important to include polydispersity corrections in order 
to obtain correct values of x and R. The Leibler structure factor without corrections was 
tentatively fitted to SAXS-spectra from disordered samples (Chapter 5.4). In the peak 
region, the Leibler structure factor can be fairly well approximated by a Lorentsian: 
To summarize, symmetric diblock copolymers in the ordered, lamellar state give rise 
to Bragg peaks at 
2rk 
q; = - 
D 
(5.51) 
where k is an odd integer. From the peak positions, the lamellar thickness, D, can be 
deduced. The peak width gives information about the average stack height in the lamellar 
grains: HWHM Y 2.783/(ND) (Eq. 5.43). The presence of higher order reflections 
indicates that the density profile is close to rectangular. If the profile is sinusoidal, only 
the first order Bragg peak is non-vanishing. In the disordered state, the Leibler structure 
factor is widely used (e.g. [77]). H owever, corrections for polydispersity and compressibility 
are prerequisite for obtaining good fits. In order to get a measure for the peak position 
and width and to maintain consistency with the ordered state, the peaks observed in the 
disordered state were fitted with Lorentz-functions. 
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5.4 Small-angle X-ray scattering 
(The SAXS-study was carried out in collaboration with Do&he Posse& IMFUFA) 
5.4.1 The Kratky-camera 
SAXS spectra were recorded using the Kratky compact-camera (MBraun Gras Optical 
Systems) at IMFUFA which is a widely used ‘table-top’ instrument for structural inves- 
tigations by small-angle X-ray scatterin,g. The Kratky-camera (Fig. 5.11) was developed 
by Otto Kratky in the fifties [93, 94, 95, 961. The main difficulty lies in data handling 
where one has to correct for the slit smearing induced by the line-shaped beam. A recent 
description of the instrument can be found in [97]. 
Adjustment Adjustment 
of beam 
X-ray tube 
ofcamera\ I 
Evacuated chamber head 
Lead gl 
plate 
Figure 5.11: Schematic drawing of the Kratky compact-camera. 
The X-ray source used at IMFUFA is a copper anode operated between 500 and 1600 
W using a Philips PW 1729 generator. The generated radiation is mainly Cu K, (X = 1.54 
.&) and Cu-Kp radiation (X = 1.39 A). The Kp radiation, however, is damped to a large 
extent by a nickel filter mounted in front of the focus. A long fine focus (12 mm x 0.4 
mm) was used. The camera was installed on top of the X-ray tube under an angle of 
6” leading to an effective focus size of 12 mm x 0.04 mm. The Kratky compact-camera 
is mounted directly on the X-ray tube. The take-off angle, the height of the camera 
head and the horizontal tilt angle can be adjusted by means of a fluorescent screen. All 
components (collimation block, sample holder, filter unit) are mounted in an evacuated 
housing (p < 0.4 Torr). Good mechanical and thermal stability are thus ensured and 
scattering by air is minimized. 
The characteristic feature of the Kratky-camera is the collimation block (Fig. 5.12) 
giving a line shaped beam (typical dimensions: 1 - 2 cm length x 10 - 40 pm width). 
This geometry is often chosen together with a conventional X-ray generator in order to 
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Figure 5.12: Schematic drawing of the collimation block. The beam width (vertical direc- 
tion) can be varied by moving the slide bar. 
maximize the incoming beam intensity. It has the disadvantage of introducing a smearing 
effect which has to be corrected for numerically. The advantages of the Kratky collimation 
block are its mechanical solidity and the elimination of parasitic scattering above the main 
section because rays scattered by the middle edge are absorbed by the bridge (Fig. 5.13). 
Spectra are measured in z-direction above the main section. The width profile, Q(Z), has 
thus the shape of a triangle, the side towards the main section being steeper than the 
lower one. The beam width (height) can be varied by moving the slide bar up and down; 
the beam length is determined by the beam length delimiters right behind the collimation. 
In the beam length direction (t) which is perpendicular to the direction of detection, the 
beam has a trapezoidal shape, P(t). 
Samples are mounted in different holders specially designed for liquids, solids or pow- 
ders. In this work, a homebuilt holder was used (see below). It is specifically designed 
for studies of ‘sticky’ polymer samples at high temperatures and is mounted on the sup- 
port of the standard Kratky sample holders. It is made of copper which has a high heat 
conductivity and is teflon-coated because the polystyrenepolybutadiene samples tend to 
stick to metal surfaces. The beam enters the holder via a slit (20 mm long and 2 mm 
high) which is kept as small as possible in order to minimize temperature gradients by 
radiation losses. Samples are clamped between the two copper blocks. The holder can be 
heated to temperatures between 50 and 160% by a heating wire mounted in a ceramic 
tube in the lower part of the block. The temperature is measured by a Pt 100 resistance 
mounted in the block right below the sample. The temperature is regulated by a tem- 
perature controller leading to a stability of fO.l”C. A temperature calibration using a 
FeCuNi thermocouple mounted at the sample’s place in the holder showed that between 
65 and 155°C the sample temperature, Tsampre, is given by 
T sample[OC] = 0.992Tset[oC] - 1.30% (5.52) 
A set temperature of 150°C leads thus to a sample temperature of 147.5% This deviation 
is, however, not critical for the present study where all measurements were performed at 
the same temperature (150°C). The holder can be adjusted in the vertical direction with a 
precision of 0.05 mm which is especially important when studying thin solvent-cast films 
edge on. In addition, the holder can be tilted. In order to avoid that the camera walls heat 
up when the sample holder is at high temperature, a flow of cooling water is maintained 
through the support. 
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Figure 5.13: Upper figurer Collimation seen from the side together with the beam width 
profile Q(z). Note that the vertical dimensions are exaggerated. Spectra are measured in 
+-direction above the main section. Lower figure: Collimation seen from above together 
with the beam length profile P(t). 
Spectra are recorded with a one-dimensional position-sensitive detector (MBraun Gras 
Optical Systems) having an entrance window of ca. 6 cm height (z-direction) x 1 cm 
width (in t-direction) which is mounted at a distance of 26.7 cm from the sample. The 
positional information’is obtained using a copper cathode [98]. The detector rear wall 
which constitutes the cathode is divided into two parts consisting of triangles which are 
‘dovetailed’ like a game of backgammon. The charge created by the ionizing radiation 
is divided into two fractions depending on the height of the impact. A platinum wire is 
used as the anode. A high voltage of 3.6 kV is applied. The nominal detector resolution 
is ca. 60 pm. The detector is operated at 7-8 bar with a 90/10 % mixture of argon and 
methane. A gas flow of 0.5 l/h is maintained to renew the detector gas. Our experience is 
that countrates of more than 70 cts/s/channei for some hours lead to a reduction of the 
sensitivity of some percent. Therefore, great care must be taken when studying samples 
leading to Bragg peaks. The overall countrate should not exceed lo4 cts/s. As the camera 
was operated without monochromator and thus the bremsspectrum was not eliminated, 
it was necessary to use the energy discrimination of the readout electronics. The energy 
spectrum displays a peak around which the energy limits can be set. 
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Figure 5.14: Schematic drawing of the sample holder. The sample is clamped between 
the two copper blocks. The upper part was home-built, the support was purchased from 
MBraun Gras Optical Systems. The beam is entering the holder from behind through a 
slit. 
The direct beam is prevented from hitting the detector by the TPF-unit (transparent 
primary filter) which consists of a tungsten filter (1 mm thick) absorbing the beam com- 
pletely and a nickel filter (also 1 mm thick) which is semitransparent. The latter makes 
measurements of the beam position and profile possible. Both filters can be moved in the 
vertical direction in order to cover as much of the detector as desired (total travel ca. 8 
mm). Their position is controlled by a Heidenhain monitor with micrometer precision. In 
addition, the filters can be tilted manually such that their upper edges are parallel to the 
beam length axis which makes measurements at low angles possible. In order to measure 
the beam length profile, a sledge was designed making the sidewards movement of the 
detector possible. The sledge (described in Appendix C) is mounted between the camera 
housing and the TPF-unit. Alternatively, the beam length profile was recorded with the 
detector mounted horizontally (Fig. 5.16). 
Beam profiles can also be measured using a nickel attenuator (thickness l.OO~tO.02 mm, 
Goodfellow) which is installed between focus and collimation. The filter is then moved to 
the lowest possible position. This setup has the advantage that radiation scattered by the 
attenuator cannot penetrate the collimation in contrast to scattered radiation by the nickel 
filter right in front of the detector. However, it is important to use good quality nickel 
platelets having a thickness as homogeneous as possible. So far, we have not observed 
any difference in the width profile, when using the nickel attenuator or the nickel filter, 
respectively. This means that scattering from the nickel filter is negligible. 
The q-range of the ‘RUGSAXS’ instrument is N 0.007 - 0.55 A-‘. 
5.4.2 The experiment 
The camera was aligned such that the take-off angle was 3”. This is the case when the 
lead glass plate is horizontal. The take-off angle was adjusted by lifting or lowering the 
rear end. By tilting the camera around its long axis, the camera was adjusted such that 
the collimation was parallel to the focus of the camera. This was checked by means of 
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a fluorescent screen mounted in the camera body in front of the detector: When the 
entrance slit was lowered, the image of the beam should vanish equally over the whole 
length. The camera head and the rear end were aligned sidewards such that the intensity 
at the detector was maximum. However, the sidewards alignment was not found to have 
a large influence on the intensity obtained. When the beam width was set, the height of 
the camera head was adjusted such that the intensity was maximum. This was done by 
means of a screw on top of the camera head. 
Samples were mounted in the sample holder between kapton foil. Kapton diplays a peak 
at N 0.4 ,&-I which is far above the q-region where the polystyrene-polybtuadiene samples 
show Bragg-peaks. Samples to be melted were mounted in a brass frame onto which pieces 
of kapton foil were glued with epoxy resin. The reason is that these samples tend to foam 
under vacuum and flow out of the holder at higher temperatures. Annealed samples were 
mounted between kapton in a teflon frame such that the beam passed perpendicular to 
the pill surface (‘through’). Oriented samples (solvent-cast or shear aligned) were glued 
onto a brass stripe such that the beam passed parallel (‘edge on’) resp. perpendicular to 
the pill surface (Fig. 5.15). In this way, it could be established in which direction shear 
aligned samples were oriented - parallel to the shear plane or perpendiular. 
Figure 5.15: The way of mounting oriented samples on a brass stripe: ‘edge on’ (left part) 
and ‘through’ direction (right part). The beam is perpendicular to the plane of paper 
having its long dimension in x-direction. The sample shown has the lamellar orientation 
parallel to the shear plane. 
The spectra were measured in three series. Each series comprised the following steps: 
choice of beam length and width, measurement of beam profiles, measurement of sample 
and background spectra, determination of the sample and background and sample trans- 
missions, measurement of the detector sensitivity, and calibration of the q-range. The 
procedure is described in the following. 
When measuring sample spectra, care was taken not to exceed countrates of 
70 cts/s/channel in order to avoid damage of the detector wire. This is especially critical 
for spectra from oriented samples showing sharp peaks. Therefore, the beam size was cho- 
sen to be relatively small: The beam length was chosen to be 8 mm, the width between 
12.5 and 15 pm (Fig. 5.16). 
The beam width profiles used for desmearing (see below) were measured using the 
nickel attenuator (Fig. 5.16). These profiles also served for the determination of q = 0. 
Lines were fitted to the sides of the width profile. The channel where these lines crossed 
was taken as zero. The beam length profiles were measured using the same attenuator and 
either the sledge or the detector mounted horizontally. As expected, the length profiles 
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Figure 5.16: Left figure: Beam width profik. The line guides the eye. Right figure: 
Beam length profile measured with the detector installed horizontally. Both profiles were 
measured using the nickel attenuator. The beam width was 15 @m and the beam length 
8 mm. 
had trapezoidal shape (Fig. 5.16). A beam length profile measured using the sledge is 
shown in Appendix C. The question may arise why the beam profile measured in the 
detector plane is used for desmearing and not the one measured in the sample plane. The 
reason is that the beam is divergent in the horizontal direction (Fig. 5.13, lower part). 
This effect is not included in the desmearing routine (Eq. 5.54, see below). By using 
the profile measured in the detector plane the correct weighting of scattering angles is 
obtained. Consider, for instance, the dotted ray in Fig. 5.13. It is divergent before hitting 
the sample. A photon following the dashed line hits the detector at the same point and has 
been scattered under the same scattering angle. However, the dashed ray is non-divergent 
before being scattered. Thus, using the beam profile measured in the detector plane and 
assuming that the incoming beam is non-divergent, the same weighting of scattering angles 
is obtained as with a divergent beam. 
Sample spectra were measured as follows: When the desired temperature (15O’C) was 
reached, four or more spectra of 500 or 1000 s duration were measured. The spectra were 
averaged if they looked equal indicating that thermal equilibrium was reached. A typical 
sample spectrum is shown in Fig. 5.17. 
For background measurements, only kapton foil (25.4 pm thick, DuPont) was installed 
in the beam. The same settings were used as for sample measurements. A typical back- 
ground spectrum is given in Fig. 5.17. 
The transmission of a sample installed in the beam is proportional to the area of the 
direct beam. These areas were determined using the nickel attenuator both for kapton (A&) 
and for the sample mounted between kapton (Ak+s). The transmission ratios Ts+bg/Tbg 
such obtained (bg and s stand for background and sample, respectively) were always too 
high such that they had to be determined numerically by a trial and error method (see 
below). 
The detector sensitivity was measured using a radioactive iron-55 source (0.1 mC, 
Amersham) mounted on a sample holder. The intensity was reduced in those channels 
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where the detector wire was damaged. The wire was changed when the reduction in 
sensitivity exceeded a few percent. 
The q-range was calibrated using silver behenate (98%, Rose Chemicals) which has a 
lamellar spacing of 58.380 8, [99]. In the angular range of the camera, five equidistant peaks 
were observed. When the sledge was not installed, the sample-detector distance was 26.7 
cm and a value of (0.879 f 0.005) x 10V3.&-‘/ c h annel was obtained. When the sledge was 
mounted, the sample-detector distance was 28.5 cm and (082110.004) x lO@A-r/channel 
was obtained. 
5.4.3 Data analysis 
Data were analysed using Otto Glatter’s (University of Gras) software package, especially 
the programs PDH (Primary Data Handling) for background subtraction and ITR (Indi- 
rect Transformation in Reciprocal Space) for desmearing [lOO]. The following procedure 
was applied. 
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Figure 5.17: Lower curve: Background spectrum. Kapton was installed in the beam. 
Middle curve: Sample spectrum. The sample (SBI02G, see Chapter 5.4) was installed 
between kapton. Upper curve: Same as the middle curve, but the background was suh- 
tracted. T,+b,/Tbs = 0.5 was used. For clarity, the curve was shifted upwards by one 
decade. 
The spectra were divided by the measuring time and averaged. The resulting spectrum 
was divided point by point by the iron-55 spectrum in order to account for detector effi- 
ciency and channels were converted to q-values. The equally treated background spectrum 
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was subtracted leading to 
1s (4) cc Is+bg (4) - 
T 
-$ Ibg (4’) 
where s and bg stand for sample and background, respectively. I denotes the intensity 
and T the transmission. The ratio of transmissions was determined when subtracting the 
background: It was adjusted such that the resulting spectrum was flat in the region of the 
kapton peak (- 0.4 A-*) which can be done with a precision of 10%. Typical values for 
the transmission range between 0.4 and 0.8. A typical sample spectrum together with a 
background spectrum is shown in Fig. 5.17. The sample spectrum corrected according to 
Eq. 5.53 is also shown. A value of 0.5 was chosen for Ts+bg/Tbg. 
The smeared intensity, i.e. the instrument-broadened, measured intensity, f(q), can in 
case of slit collimation be calculated from the theoretical intensity, I(q), the beam width 
profile, Q(z), and the beam length profile, P(t) (Fig. 5.18) [82]: 
j(m) = 2 7 dzJdt Q(z)P(t)I{[(m - s)~ + t2]1/2} 
-cc 0 
(5.54) 
Wavelength smearing can be neglected in case of nickel filtered Cu K, radiation. m has 
the dimension of a length and is proportional to the scattering vector: m = Xdq/2x where 
d is the sample-detector distance. It has been assumed that the width profile has the 
same shape over the whole beam length. The effect of finite spatial resolution of the 
detector is already included if the beam profiles are measured in the same way as the 
spectra. This is the case when using the sledge instead of turning the detector. However, 
beam length profiles measured in either way did not show significant differences. The 
length smearing effect on an isotropic spectrum can be seen in Fig. 5.19. Consider a 
polycrystalline sample. A thin stripe of the sample is illuminated. This results in a 
superposition of diffraction rings. The peak observed with a one-dimensional detector 
is not sharp but there are contributions on the low-q-side of the nominal peak position. 
The peak becomes asymmetric because there is an enhanced contribution at lower angles 
(Fig. 5.20). This effect is absent for single crystals (Fig. 5.19) which show peaks along 
the detector axis (e.g. an oriented, lamellar sample mounted as shown in Fig. 5.15, left 
figure). As these spectra are not subject to beam length smearing, only the integral over 
the beam width profile is performed. As will be discussed below, spectra from disordered 
samples were desmeared for the beam width and length effect. Spectra from annealed 
samples were desmeared for the beam length effect. Spectra from solvent-cast and shear 
aligned samples were not desmeared. 
Inversion of the integral in order to determine the unsmeared intensity, I(m), is an 
ill-posed problem because of the limited q-range of the measured scattering curve and 
because of noise in the data. Therefore, indirect methods must be used, one of them being 
the routine ITR. The desmearing routine ITR works as follows [loo, 1011. The program 
starts with a linear combination of N functions &(q) (cubic B-splines) representing an 
approximation of the theoretical intensity : 
1(q) = Ifl: Ck4k(4) 
k=l 
(5.55) 
94 CHAPTER 5. SCALING OF THE CHARACTERISTIC LENGTHSCALE 
Figure 5.18: Slit length and width smearing using slit collimation. The shaded area 
represents the incoming beam in the sample plane. The thick line represents a ray being 
scattered in an arbitrary point of the sample. The scattering angle corresponding to 
the scattering event shown is arctan(J(m - s)* + @/d), where d is the sample-detector 
distance. 
Cubic B-splines have the advantage of being smooth functions which are zero outside a 
certain q-range. Smearing I(q) according to Eq. 5.54 yields ~~=‘=, Q&(q) where & are 
the smeared cubic B-splines. Then: Cr!=, ck&(q) is fitted to the experimental data by 
a weighted least-squares routine. In this way, the coefficients ck are determined, and the 
desmeared intensity is calculated (Eq. 5.55). Stability problems due to the statistical 
noise are overcome by using a Lagrange parameter, X. The routine minimizes the sum 
N-l 
+xX( cktl - ck)’ = minimum 
k=l 
where M is the number of datapoints: N the number of splines and u2(q;) the variance 
of the intensity I,,,(q;). Solutions where adjacent amplitudes ck are very different are 
thus suppressed. The optimum value of X is chosen such that the mean square deviation 
of fitted curve and experimental data is minimum. In addition, E:=~‘=;‘(c~+~ - c,$)* must 
show a plateau when plotted as a function of X. However, when desmearing spectra 
displaying sharp peaks, it is necessary to stabilize the solution in a different way in peak- 
and interpeak-regions in order to avoid getting overdamped solutions in the peakregions 
or oscillations between the peaks. Therefore, the experimental spectrum is funneled using 
a peak recognition program before using ITR such that all datapoints are used in peak 
regions but only few points between the peaks. The number of splines per m-interval 
is then chosen proportional to the number of datapoints per m-interval. During the 
desmearing process, the user can adjust the following parameters: The number of data 
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single crystal z diffraaio" SPo*; 
Figure 5.19: Left figure: Length smearing effect on a diffraction ring from apo?ycrystailine 
sample. The detector wire is vertical. The resulting spectrum is shown schematically. 
Right figure: Beam length smearing effect on a spectrum from an oriented sample. 
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Figure 5.20: SimuIated smeared scattering curve (left figure) with two Gaussian peaks on 
a background and desmeared curve (right figure). The curve was desmeared according 
to slit length and to a wavelength distribution corresponding to the K, and Kp part of 
unfiltered copper radiation using the routine ITR. Adopted from [lOO]. 
points in peak- and interpeak-regions, the absolute number of spline functions (N) and the 
value of the Lagrange parameter. Criteria for a good desmearing are that the desmeared 
curve shows symmetric peaks (i.e. the peaks should not be steeper on the left peak side 
than on the right peak side, see the section about solvent-cast samples) and that the 
approximated curve, Cp=‘=, ck&(q), fits the experimental data well. 
In order to determine the peak positions, q’; Lorentz-functions were fitted to the 
desmeared peaks: 
I(q)= I0 +B 
1+ (4 - q*E2 
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where I, is the peak intensity, .$ the correlation length which is related to the peak width 
(the full-width at half maximum is FWHM = 20, and B a background. When fitting 
to smeared spectra (solvent-cast and shear aligned samples), a slanted background was 
added in some cases: 
IO 
+J) = 1+ (q - q’)2f2 +B+sq (5.57) 
where s is the background slope. The error in determining the peak position is estimated 
to be *1 channel for the broad peaks from disordered samples and 10.5 channels for the 
sharp peaks obtained with ordered samples. The choice of Lorentz-functions is somewhat 
arbitrary, however, they were found suitable to fit the experimental data. In order to apply 
the same procedure both in the disordered and in the ordered state, Lorentz-functions were 
fitted in both regimes. The only parameter used from the fits to SAXS-spectra is the peak 
position q’. Peak intensity 1, and correlation length E were not used because of the large 
uncertainty introduced by the desmearing routine. In addition, the spectra from ordered 
samples were not desmeared for the beam width effect which leads to values for $ which 
are too small. 
5.4.4 Results 
SAXS-results obtained from disordered, annealed, solvent-cast and shear aligned samples 
will be presented separately first and then the values of the characteristic lengthscale will 
be compared. The scaling of the characteristic lengthscale will only be discussed together 
with the results from SANS. 
Disordered samples 
Figure 5.21: Left figure: SAX.9spectra from SBI05B (o), SBI14B (A) and SBIllC (i-1 
at 150°C. For clarity, only every second point is shown. The intensities of the spectra 
from SBIO5B and of SBI14B where multiplied by a factor of 10 and 5, respectively. The 
intensities were shifted. Full lines are the desmeared curves. Right figure: Spectrum from 
SBIllC (o) together with the desmeared and approximated curve (full lines). The dotted 
line is the fit of a Lorentz-curve to the desmeared spectrum. 
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Spectra from disordered samples showed broad peaks of low intensity (Fig. 5.21). The 
smaller the chain length, the higher the peak position and the flatter and broader the peaks. 
This is consistent with the picture of a decreasing amplitude of concentration fluctuations 
the deeper the samples are in the disordered state. These spectra were desmeared for 
both beam length and width (Fig. 5.21). The peak position changed significantly by 
desmearing and the peaks became sharper. Oscillations were in some cases induced by 
desmearing on both sides of the peak, probably due to statistical noise in the raw spectra, 
but the peak regions were nicely resolved. In order to determine the peak positions with 
better precision, Lorentz-functions were fitted to the peaks in the desmeared spectra. The 
resulting peak positions are given in Table 5.1. For a discussion of the scaling behavior 
see Chapter 5.6. 
chain sample preparation q;lA-’ &/A- 93/q: 
length N method 
156 SBIOSB molten 6.20 x lo-’ 
I 236 SBI14B molten I 4.55 x 10-Z 
I 310 SBIllC molten I 3.98 x 10-Z 
374 
383 
921 
1182 
1555 
SBI12F annealed 3.33 x 10-z 
SBI12A solvent-cast 3.33 x 10-Z 
SBI12C shear aligned 3.28 x lo-’ 9.95 x IO-‘(*) 3.0 
SBIOSF annealed 3.18 x 10-z 
SBIOSA solvent-cast 3.13 x 10-Z 
SBIOSC shear aligned 3.12 x lo-* 
SBI02F annealed 1.49 x 10-z 4.62 x lo-*(*) 3.1 
SBI02G solvent-cast 1.41 x 10-Z 4.43 x lo-Z(*) 3.1 
SBI02D shear aligned 1.47 x IO-* 4.54 x lo-*(*) 3.1 
SBIXF annealed 1.33 x 10-z 4.10 x lo-*(*) 3.1 
SBI15A solvent-cast 1.28 x lo-* 3.99 x lo+*j 3.1 
SBIISE shear aligned 1.30 x lo-’ 4.02 x lo-*(*) 3.1 
SBIOGH annealed 1.17 x 10-Z 3.58 x lo-‘(*) 3.1 
SBIOGG solvent-cast 1.18 x 10-z 3.57 x lo-y*) 3.0 
SBIOGA solvent-cast” 1.09 x 10-z 3.45 x 10-Z 3.2 
SBIOGL solvent-c& 1.12 x 10-2 3.45 x 10-Z 3.0 
SBIOGD shear aligned 1.13 x lo-* 3.51 x lo-‘(*) 3.1 
value used 
(6.20 i O.OS> x lo-’ 
c4.55 * 0.09) x 10-Z 
[3.98 i 0.09) x lo-’ 
(3.33 * 0.04) x 10-z 
(3.33 i 0.04) x 10-Z 
(3.32 i 0.02) x lo-’ 
(3.18 zk 0.04) x IO-’ 
(3.13 * 0.04) x 10-z 
(3.12 zk 0.04) x IO-’ 
(1.54 * 0.02) x 10-Z 
(1.48 i 0.02) x IO-’ 
(1.51% 0.02) x 10-Z 
(1.37 i 0.02) x 10-Z 
(1.33 i 0.02) x 10-z 
(1.34 i 0.02) x 10-Z 
(1.19 * 0.02) x 10-2 
(1.19 * 0.02) x 10-2 
(1.17 * 0.02) x 10-z 
Table 5.1: Peak positions as determined with SAXS at 15O’C. If not stated otherwise, 
samples were solvent-cast from benzene. (a) 0.1% Irganox 1010, (b) solvent-cast from 
cyclohexane. The errors on q; and qg are estimated to be 0.88 x 10-3A-’ in the disordered 
state and 0.44 x 10-3A-1 in the ordered state. Asterisks marks the data where the third 
order Bragg peak was used for analysis of the scaling behavior. The q*-values used (either 
q; or q;,/3) for determination of the Iamellar thickness (D = 2?r/q*) are given in the last 
column. 
In order to obtain an estimate of the average statistical segment length of polystyrene- 
polybutadiene and to see if the peak position obtained is different from the one determined 
by fitting a Lorents-function, a Leibler structure factor (Eq. 5.12) was fitted to the peaks 
of the three disordered samples. The amplitude of the structure factor was adjusted by 
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Figure 5.22: Desmeared SAX.!%spectra from disordered samples at 150°C together with 
fits of the Leibler stucture factor. Upper figure: SBI05B, middle figure: SB114B, lower 
figure: SBIIIC. Full lines: desmeared spectra, broken lines: fit keeping 2 = 0.0325 fixed, 
dotted lines: fit with 2 a free fitting parameter. 
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N sample fitting range/A-’ X &IA a/A f/A-l j 
156 SBI05B 0.040 - 0.080 0.0603 3~ 0.0002 31.54 zt 0.07 6.2 0.0617 
236 SBI14B 0.035 - 0.050 0.0412i 0.0001 43.37 i 0.08 6.9 0.0449 
310 SBIllC 0.032 - 0.047 0.0331 zt 0.0001 49.01 i 0.03 6.8 0.0397 
Table 5.2: Fitting parameters obtained from fitting a Leibler structure factor to SAXS- 
spectra from disordered samples measured at 15O’C. x denotes the Flory-Huggins segment- 
segment interaction parameter, Rg the radius of gyration, a the average segment length 
derived from Rg = am. q* is the maximum position of the fitted function. x and R, 
are fitting parameters. 
multiplication with a factor and by adding a constant background. The fits are shown in 
Fig. 5.22. The Flory-Huggins segment-segment interaction parameter, as determined from 
the ODT temperatures (Chapter 3.3), takes the value x = 0.033f0.007 at 150°C (Eq. 3.9). 
Keeping the interaction parameter fixed at x = 0.033 gave poor agreement, especially 
with the two samples with lowest molar mass. Releasing x, gave satisfactory results 
provided the fitting range was kept narrow. The resulting x-values deviate significantly 
from x = 0.033 + 0.007 which probably is due to distorsions in peak shape arising during 
desmearing. The peak positions determined using the Kratky-camera are assumed to be 
correct because we obtained very similar values using a Huxley-Holmes camera (Appendix 
D) and in SANS-experiments. Another reason for the disparity might be the polydispersity 
in chain length and composition which has not been taken into account in the Leibler 
structure factor. Polydiipersity in chain length has been shown to change the peak shape 
and position [92]. We have not attempted to include the polydispersity because the peak 
shape of desmeared spectra is not well-determined. The fitting parameters obtained with 
x as a free fitting parameter are compiled in Table 5.2. The average segment length, a, 
as calculated from R, = am [6], takes values between 6 and 7 8, which is consistent 
with the values of 6.9 A [76] and 6.6 - 7.2 .& [77, 1021 reported for polybutadiene and 
polystyrene, resp. The peak positions obtained from the fitted structure factor, q*, agree 
with those obtained from fitting Lorentz-functions (Table 5.1) within 2%. In the following, 
we will use the peak positions as determined fitting Lorentz-functions. 
Annealed samples 
Spectra from annealed samples measured in ‘through’-direction are shown in Fig. 5.23. 
They display Bragg peaks due to the lamellar structure. The peak positions depend on 
chain length. The larger the chain length the more Bragg peaks are seen. This reflects 
the fact that, close to the ODT, the density profile is close to sinusoidal, whereas it is 
close to rectangular in the strong-segregation limit. As model calculations show (Chapter 
5.3), only the first order Bragg peak is non-vanishing in spectra from samples having a 
sinusoidal profile. For profiles with sharp interfaces, higher order Bragg peaks are ob 
served. Fig. 5.23 shows that samples with higher molar masses than SBIOG are difficult 
to study using the Kratky-camera because the first order peak is very close to the filter 
edge. The peaks in spectra from annealed samples (Fig. 5.23) are observed to be steeper 
on the high q-side than on the low q-side. This is attributed to the fact that the samples 
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Figure 5.23: Upper figure: SAXS-spectra from annealed samples at 150°C. (o) SBI12F, 
{A) SBI08F, (+) SBIO2F, (x) SBI15F, (o) SBIOGH. Lines are the desmeared spectra. For 
clarity, the curves were shifted by two decades. Lower figure: Spectrum from SBI02F 
(annealed) at 150oC. Shown are the experimental data (o), the approximated and the 
desmeared curve (full lines) and the fit of a Lorentz-function to the desmeared curve 
(dotted line). Intensities for q > 0.03 A-l are multiplied with a factor of 50 to reveal the 
third order Bragg peak. 
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Figure 5.24: Lamellar thickness of annealed samples as a function of chain length. The 
values were determined in SAXS-experiments at 15tPC The vertical line indicates the 
ODT. (o) D = 2n/q;, [a) D = 3 x 2?r/qz. The errorbars correspond to kO.5 channels. 
are isotropic and therefore give rise to diffraction rings, which are subject to lengthsmear- 
ing (Fig. 5.19). In SANS-experiments, spectra from annealed samples are observed to be 
isotropic (Fig. 5.34). Desmearing of the SAXS-spectra for the beam length effect results in 
sharp peaks (Fig. 5.23) which are comparable in width with the direct beam (Fig. 5.16). 
Simultaneous width desmearing gave numerical problems which is why it was not per- 
formed. In addition, width smearing does not change the peak positions as is the case 
with length smearing. Lorentz-functions were fitted to the peaks in order to determine the 
peak positions (Fig. 5.23, right figure). The resulting peak positions are given in Table 
5.1. It was observed that desmearing for the beam length effect shifted the peak positions 
of the first order peaks by 3 - 9 % to higher values. The positions of the third order peaks 
did not change to the same extent during desmearing, only by 1 - 3 %, which is attributed 
to the observation that the effect of beam length smearing decreases with increasing scat- 
tering vector [103]. The ratio q$/q; which should equal 3.0 for a lamellar structure was 
3.06 - 3.10 after desmearing. The influence of this slight difference on the scaling behavior 
can be seen in Fig. 5.24. The lamellar thickness calculated from D = 2n/(q,‘/3) is slightly 
smaller than D = 2?r/q; but the values are still within the errorbars. In the following 
analysis we will use the lamellar thickness determined from q?j if third order peaks exist, 
because the relative errors on q; are smaller than the ones on 9;. Assuming an error of 
f0.5 channels which corresponds to rt0.44 x 10m3.&, the errors on q; were typically 1 - 4 
%, whereas the errors on $ only were 1 - 2 %. In Table 5.1, samples where the third 
order Bragg peak was used for further analysis, are marked with an asterisk 
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Solvent-cast samples 
Solvent-cast samples were expected to have the lamellar interfaces oriented parallel to the 
film surface. Spectra from samples solvent-cast from benzene and measured ‘edge on’ are 
shown in Fig. 5.25. The number of peaks which can be discerned from the background 
increases with chain length indicating the change of density profile from being close to 
sinusoidal in the vicinity of the ODT to being close to rectangular in the strong-segregation 
limit. Spectra from SBI08A, SBI02G and SBI15A display nearly symmetric peaks. This 
means that the smearing effect due to the length effect is weak (Fig. 5.19). Therefore, 
the samples are assumed to be macroscopically oriented. The peaks in the spectra from 
SBI12A and SBIOGG look asymmetric. This is attributed to the fact that the samples were 
‘polycrystalline’ like the annealed samples. Therefore, an attempt was made to desmear 
these spectra for the beam length effect. This could satisfactorily be done for SBIO6G and 
the desmeared spectrum was used for the determination of the peak position. For SBI12A, 
the result was less satisfactory: The desmeared spectrum is extremely steep on the left 
side of the peak. Thii effect is attributed to the fact that the spectrum is not completely 
isotropic. The lamellae are probably not oriented perfectly, but there is some texture in 
the sample. In SANS-experiments (Fig. 5.34), solvent-cast samples gave rise to spectra 
containg diffraction peaks on top of a diffraction ring. It is not straightforward to deer-near 
SAXSspectra from partially oriented samples. Therefore, the smeared spectra were used 
for determining the peak position for all samples except SBIOGG. Lorentz-functions were 
fitted to the peaks. As the background rises smoothly towards low q-values (Fig. 5.29), the 
expression given in Eq. 5.57 was fitted to the peaks. This background scattering is observed 
even though the background spectrum was subtracted se described in the data analysis 
section (Fig. 5.17). An alternative way of treating the spectra would have been to subtract 
the remaining background from the spectra. The origin of the remaining background is 
still unclear. It might be due to voids or to scattering from lamellar domains. 
The values of the lamellar thickness obtained from first order and third order Bragg 
peaks are shown and in Fig. 5.26. They are observed to be very similar. For the peak 
positions see Table 5.1. Those samples are marked with an asterisk, where the third order 
Bragg peaks are used for further analysis. The peak positions determined se described 
above coincide nicely with the peak positions from SANS (Chapter 5.5). 
In order to establish if solvent selectivity has an influence on the obtained structure, 
one sample (SBIOGL) was solvent-cast from cyclohexane instead of benzene. At room 
temperature, cyclohexane is a marginal solvent for polystyrene (the B-temperature is 35’C) 
but a good solvent for polybutadiene whereas benzene is nearly equally good for both 
blocks. As can be seen from Fig. 5.27 and Table 5.1, no significant difference in structure 
between sample SBIOGG (solvent-cast from benzene) and SBIOGL is observed. The ratio 
of peak positions of sample SBIOGL is q; : qZ$ : q; = 5 3 3.1 : 1 which indicates that a 
lamellar structure was formed. The deviation from the ratio 5 : 3 : 1 is attributed to a 
residual beam length smearing effect. The peak positions of SBIOGG (qT = 0.0118 A-‘) 
and SBIOGL (q; = 0.0112 A-“) differ by 5%. The spectra from SBIOGG differs from the 
two other spectra shown in Fig. 5.27 at low q: The spectrum from SBIOGG rises towards 
low q and the peaks are relatively asymmetric. It seems that the sample is not very well 
aligned and that lamellar domains persist which give rise to enhanced scattering at low q. 
The peaks in the spectra from SBIOGA and SBIOGL are close to symmetric which indicates 
good alignment. In these spectra, the intensity decreases towards low q which indicates 
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Figure 5.25: SAXS-spectra from samples solvent-cast from benzene and measured at 
15oOC. From above: SBI12A, SBIO8A, SBI02G, SBllSA, and SBIOGG. AI1 spectra were 
measured in the ‘edge on’ direction. Lines are spectra desmeared for the length effect. For 
clarity, the spectra were multiplied with a factor of two. 
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Figure 5.26: Lamellar thickness of samples solvent-cast from benzene as a function of 
chain length. The values were obtained in SAXS-experiments at 15O’C. The vertical line 
indicates the ODT. (o) D = Zs/qT, (0) D = 3 x 21rfqz. The errorbars correspond to ztO.5 
channels. 
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Figure 5.27: SAXS-spectra from sample SBIOG at 150°C: (o) SBIOGG, 0.5 wt-% Irgmox, 
p = 1.13, solvent-cast from benzene, (A) SBIOGA, 0.1 wt-% lrganox, p = 1.22, solvent-cast 
from benzene, (+) SBIOGL, 0.5 wt-% Irganox, p = 1.12, solvent-cast from cyclohexane. All 
spectra were measured in the ‘edge on’ direction. For clarity, the intensities were shifted 
by two decades. 
that the domains are very large. Scattering from very large domains would be expected 
at very low q which cannot be resolved. We conclude that sample SBIOGG is not as well 
aligned as the two other samples. A reason might be that, during solvent-casting, the film 
thickness of sample SBIOGG was higher than the film thickness of the other samples. 
The effect of crosslinking was studied using a sample (SBIOGA) prepared in the same 
way as SBIOGG (solvent-cast from benzene) but containing less antioxidant (only 0.1 wt- 
%). The polydispersity of SBIOGA was tiw/ti~ = 1.22, thus larger than the value 
obtained with SBIOGG (&‘w/&?~ = 1.13) (Fig. 4.9 and Table 4.2) which means that the 
degree of crosslinking in SBIOGA is higher than in SBIOGG. The ratio of peak positions is 
qg : qz : q; = 5.4 : 3.2 : 1. The reason for the deviation from the ration 5 : 3 : 1 is unclear, it 
might be due to a residual smearing effect. The values of the lamellar thickness se derived 
from the first order peaks differ by 8%, sample SBIOGA having a larger lamellar thickness 
than SBIOGG. It should be noted that the difference in peak positions corresponds to only 
one channel which is at the limit of detection. The positions of the third order Bragg 
peaks which possibly are determined mere precisely, differ only by 3% or 1.5 channels. It 
can thus not be resolved unambiguously if a slight change in the degree of crosslinking as 
is the case here) has an effect on the lamellar thickness. If so, then an explanation might 
be that crosslinking happened while the chains were still stretched and that therefore the 
lamellar thickness is higher than in equilibrium. 
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Shear aligned samples 
Spectra from shear-aligned samples were measured with the sample mounted in two dii- 
ferent ways as explained above (Fig. 5.15). In this way, information is gained about the 
direction of lamellar orientation. Fig. 5.28 shows that spectra measured in ‘edge on’ di- 
rection display more pronounced and more symmetric peaks than spectra measured in 
‘through’ direction which is interpreted to mean that all samples showed the parallel ori- 
entation (Fig. 4.3a). As with annealed and solvent-cast samples, the number of peaks 
observed in the ‘edge on’ direction increases with chain length from two to four peaks 
(corresponding to seventh order!). This means that the profile changes from being close 
to sinusoidal in the vicinity of the ODT to being more rectangular deeper in the ordered 
state. In ‘through’ direction, peaks were observed which resembled spectra from annealed 
samples in what concerns peak shape. This was interpreted as being due to unoriented 
lamellar domains. Scattering in the ‘edge on’ direction is mainly affected by beam width 
smearing. As the peaks were as narrow as the direct beam we used the smeared ‘edge 
on’ spectra for determination of the peak positions by fitting Lorentz-functions. As with 
solvent-cast samples, the expression from Eq. 5.57 was fitted to spectra with asymmetric 
peaks (Fig. 5.29). The results are given in Table 5.1. 
The lamellar ‘thickness of shear aligned samples as a function of chain length are shown 
in Fig. 5.30. Again, slight differences (3 -4 %) between values derived from first and third 
order Bragg peaks are observed. For the reasons cited above, third order peaks were used 
if existing. 
Results 
In order to establish whether the lamellar thickness is dependent on the preparation 
method, data from the ordered state were plotted together in Fig. 5.31. No significant 
difference in lamellar thickness according to the preparation method is found, indicating 
that the samples prepared are in thermal equlibrium. The values are equal within 4 %. No 
difference between a sample solvent-cast from benzene and one solvent-cast from cyclohex- 
ane is observed. Only sample SBIOGA which has a slightly higher degree of crosslinking is 
found to have a slightly higher lamellar thickness than the other samples with the same 
chain length. The data from this sample as well as the data from SBIOGL (solvent-cast 
from cyclohexane) were not used for further analysis. The scaling behavior of the char- 
acteristic lengthscale will be established after the analysis of data from high molar-mass 
samples which were studied using SANS. 
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Figure 5.28: SAXS-spectra from shear aligned samples at 15@C. From above: SBI12C, 
SBIOBC, SBIO2D, SBI15E, and SBIOGD. ( ) o measured in the ‘edge on’ direction, (0) mea- 
sured in the ‘through’ direction. For darity, the spectra were shifted by arbitrary amounts. 
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Figure 5.29: SAXS-spectra from sample SBIO2D at 15O’C. The beam was parallel (o) or 
perpendicular (A) to the shear plane. The sharp peaks in parallel direction and the weak 
peaks in perpendicular direction show that the sample is oriented. Intensities for q > 0.03 
1-l were multiplied with a factor of 50 in order to reveal the third order Bragg peak. 
Lines are fits of Lorentz-functions on a slanted background to the peaks. 
5.4. SMALL-ANGLE X-RAY SCATTERING 107 
~ 400 
0 
: 
-2 
300 - 
200 - @ 
100 - 
0 -,*“5*“‘11*e’t~“. 
0 500 1000 1500 2000 
N 
Figure 5.30: Lamellar thickness of shear aligned samples as a function of chain length. 
The values were obtained in SAXS-experiments at 15oOC. The vertical line indicates the 
ODT. [o) D = 2n/qf, (0) D = 3 x 2r/qz. The errorbars correspond to f0.5 channels. 
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Figure 5.31: Lameliar thickness of ordered samples as a function of chain length. The 
values were determined using SAXS at 150°C. The vertical line represents the ODT. (o) 
annealed, (a) solvent-cast from benzene, (x) shear aligned, (+) SBIOGL (solvent-cast from 
cyclohexane), (01 SBIOGA (0.1% Irganox, solvent-cast from benzene). 
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5.5 Small-angle neutron scattering 
(The SANS-study was carried out in collaboration with Dorthe Posse& IMFUFA, and 
Kristoffer Almdal and Kell Mortensen, Risk National Laboratory.) 
Small-angle neutron scattering experiments were carried out in order to determine 
the peak positions of high molar-mass samples. The precise determination of the first- 
order Bragg peaks from these samples was difficult because they were at the lower limit 
of the q-range of the Kratky-camera In first test experiments, it turned out that the 
polystyrene-polybutadiene samples had reasonable neutron contrast even though they 
were not deuterated. The peak positions of high molar-mass samples were determined 
in smal-angle neutron scattering (SAXUS) experiments at Riss National Laboratory. This 
instrument has a pinhole geometry and a two-dimensional detector. Using large wave 
lengths and large sample detector distances, measurements at small q-values were carried 
out and the peak positions of high molar-mass samples could be determined. The degree 
of orientation of oriented (solvent-cast and shear aligned) samples was estimated. From 
the peak width, the correlation lengths were estimated. As model calculations have shown 
(Chapter 5.3), the peak width is related to the domain size. In this way, the average num- 
ber of lamellae per domain could be estimated in SANS-experiments. In the following, the 
instrument, the experiment and the way of analyzing the spectra will be presented. The 
results will be discussed for disordered, annealed, solvent-cast and shear aligned samples 
separately. Then, the characteristic lengthscales obtained from the different methods will 
be compared. 
5.5.1 The instrument 
Figure 5.32: Layout of the Rism SA.NS instrument. (1) collimator, (2) sample chamber, 
(3) valves/windows, (4) detector tank, (5) area sensitive detector. Adopted from [104], 
original from [l OS]. 
The SANS facility at Rise (Fig. 5.32) is a variable instrument which is described in detail 
in [84]. The overall length is 12 m; both the collimation section and the sample-detector 
distance can be varied between 1 and 6 m. Wavelengths in a range of 2 - 20 8, can be 
selected using a mechanical velocity selector, consisting of a rotating drum with helical 
blades of a neutron absorbing material. The spread of the wavelength can be set to values 
between 9 and 20%. Collimation of the beam can be performed over a distance of 1 - 6 
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m. The source point is defined at the position of the source aperture (diameter 16 mm). 
The sample chamber is very flexible. In our case, an oven specially designed for polymer 
studies was installed (see below). The detector is an area sensitive multiwire detector and 
can be installed at distances from the sample of 1 - 6 m. The detector has a diameter 
of 60 cm, and the q-range is 0.002-0.55 w-l. The positional information is divided into 
128 x 128 pixels which gives a spatial resolution of ca. 7 mm. Both the collimation section 
and the detector tank are evacuated whereas the sample chamber was at ambient pressure 
during our experiments. The operation of the instrument and data acquisition is computer 
controlled via a dedicated micro VAX. 
5.5.2 The experiment 
Figure 5.33: The way of mounting isotropic (left) and anisotropic samples (right). 
Polystyrenepolybutadiene samples were mounted in holders made of brass rings (thickness 
1.5 mm, inner diameter 11.5 mm, outer diameter 25.5 mm) onto which aluminum foil 
(heavy duty) was glued using epoxy resin. The samples were mounted in two different 
ways (Fig. 5.33): Isotropic samples (molten or annealed) were mounted such that the beam 
impinged perpendicular on the pill surface. Anisotropic samples (solvent-cast or shear 
aligned) were mounted such that the beam passed parallel to the pill surface because; using 
SAXS, their lamellar orientation was found to be parallel to the pill surfaces (Fig. 4.3a). 
The orientation in the beam was such that peaks were expected on the left and right 
side of the direct beam (on the detector). In order to mount a reasonable amount of 
sample in the beam, stripes were cut from the pills and stacked on top of each other. 
In this way, the brass rings were ‘filled’ as good as possible. In order to minimize the 
risk of crosslinking during the measurements, the holders were thoroughly flushed with 
nitrogen before sealing. (Measurements were carried out at high temperatures.) The brass 
holders were mounted in an oven made from copper and heated by two heating wires. The 
temperature was measured very close to the sample by means of a thermocouple. In 
order to optimize the temperature stability, a shielding which was heated to the same 
temperature as the oven was mounted around the oven. The temperature regulation was 
computer-controlled. The beam passed through aluminum windows in the shielding and 
the oven. Two pinholes were mounted: one having a diameter of 10 mm at the end of 
the collimation section and one having a diameter of 7 mm right behind the sample. The 
latter one determines the smearing effect due to the beam size (see below). In order to 
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determine peak positions of high molar-mass samples as precisely as possible, the largest 
possible sample-detector distance (6 m) was chosen together with large wavelengths (14.8 
and 7.67 A) and the smallest possible wavelength spread (9%). For the lower molar-mass 
samples, a sample-detector distance of 3 m was used together with a wavelength of 5.58 A. 
The settings were chosen such that the first-order Bragg peaks were approximately in the 
middle of the q-range. In contrast to the SAXS-experiments (Chapter 5.4), the g-range in 
the SANS-experiments did not allow detection of higher order peaks. The settings used 
together with the q-range obtained are summarised in Table 5.3. Measuring times were 
between 1 hour at X = 14.8 A where the neutron flux is low and few minutes at X = 5.58 A. 
Background measurements were made using an empty sample holder. Furthermore, 
spectra with boronated plastic at the sample position were recorded to estimate the detec- 
tor dark current background. rlB has a high neutron absorbing cross section and a piece 
of boronated plastic at the sample position prevents the beam from passing on directly to 
the detector. The transmission of the samples was measured by damping the beam with a 
Cd-plate with small holes in front of the collimation section. The beamstop was removed, 
and the integrated intensity over a small area (- 10 x 10 pixels) was taken as a measure 
of the transmission. 
samples setting q-range [A-‘] 
SBIlOG, lOH, 10K 
SBI07G, 07H, 07K, 07L 6m/6m/14.8A 0.003 - 0.02 
SBIOGH 
SBIOGA, 06D, 06G, 06H, 06L 
SBI15A, 15E, 15F 6m/6m/7.67A 0.006 - 0.38 
SBI02D, 02F, 02G 
SBI08A 
SBIOSA, 08F 
SBI12A, 12F 3m/3m/5.58A 0.05 - 0.10 
SBIllC 
1 
Table 5.3: Settings used for SANS measurements: collimation length, sample-detector 
distance, wavelength (AA/X = 0.09) and the q-range obtained. 
Fig. 5.34 shows typical spectra displaying first-order diffraction peaks or rings. Spectra 
from annealed samples were typically isotropic (except for the highest molar-mass sample, 
SBIlOH, which is attributed to mechanical stresses in the sample) whereas spectra from 
solvent-cast samples showed some degree of orientation, i.e. two peaks on top of a ring. 
The peaks are due to oriented lamellar grains whereas the ring arises from unoriented 
material. Spectra from shear aligned samples show typically two peaks which are curved. 
This curving has been attributed to texture of the lamellar grains [22]. 
5.5.3 Data Analysis 
Data analysis was performed using standard Rise SANS software [106]. Raw spectra 
were normalised to incoming beam flux. Spectra from isotropic (disordered and annealed) 
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Figure 5.34: Two-dimensional SANS-spectra from an annealed (SBIOGH), a solvent-cast 
(SBIOGA) and a shear aligned sample (SBIOGD). The isointensity lines are spaced linearly. 
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Figure 5.35: Sector masks used for analysis ofspectra from solvent-cast and shear aligned 
samples. The opening angle was 300. The arcs indicate the diffraction peaks. The circle 
in the middle indicates the beamstop which also was masked. 
samples were azimuthally averaged with the beamstop masked away. Anisotropic spectra 
(from solvent-cast and shear aligned samples) were averaged using horizontal and vertical 
sector masks with an opening angle of 30’ (Fig. 5.35). Sectors having thii angle covered 
the regions of the peaks where the intensity was high (in horizontal direction). Due to 
slight misalignment of the samples, the peaks did not always lie exactly on a horizontal 
line. Therefore, the sector masks were aligned such that the centerline passed through the 
pixels having maximum intensity. The vertical sector mask was chosen perpendicular to 
the horizontal mask. Background spectra treated in the same way were subtracted from 
azimuthally averaged sample spectra: 
(5.58) 
where the indices s, b, and bpl stand for sample, background, and boronated plastic. I 
is the measured intensity, T the transmission and M a measure of the incoming beam 
flux. In contrast to the SAXS-spectra described in Chapter 5.4, the SANS-spectra were 
not desmeared, but a model function was smeared according to the beam size effect and 
the wavelength distribution and this smeared function was fitted to the data. For a 
description of the smearing routine see [106]. This combined smearing and fitting was 
performed using standard Rise software. The following parameters were used for smearing: 
the collimation length and the sample-detector distance (both given in Table 5.3), the 
radius of the pinhole at the entrance of the collimation section, 8 mm: the radius of 
the pinhole at the sample position, 7 mm, and the width of the wavelength distribution, 
AA/x = 0.09. We chose to use Lorentz-functions (Eq. 5.56) which were smeared and fitted 
to the peaks. The peak positions, q*, were found to be nearly uncorrelated with the other 
fitting parameters and nearly independent of the fitting range. The errors in determining 
peak positions were estimated to be half the pixel size. In order to estimate the internal 
calibration of the instrument, two samples were measured at two of the settings used: 
SBI08A was measured at 6m/6m/14.8A and 3m/3m/5.58A and SBIOGH at 6m/6m/7.67.& 
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and 6m/6m/14.8.&. In both cases, the peak position changed with 3% when changing 
setting (see Table 5.4). However, as the values are equal within the errors, no adjustment 
of peak positions measured with different settings was made. Even though the incoherent 
background was not subtracted, the background scattering was found to be negliglible 
compared to the peak height. When fitting Lorentz-functions to the peaks, the background 
B was set to zero in most cases. 
5.5.4 Results 
Disordered and annealed samples 
Figure 5.36: Azimuthally averaged SANS-spectra from low molar-mass annealed and 
molten samples together with fits of smeared Lorentz-functions (left figure). From left 
to right: SBIMF, SBI12F, and SBIIIC. The spectra were measured with different settings 
(Table 5.3). The corresponding Lore&+functions are shown in the right figure. 
Figure 5.37: Azimuthally averaged SANS-spectra from high molar-mass annealed samples 
together with fits of smeared Lorentz-functions (Jeft figure). From left to right: SBIIOH, 
SBI07H, SBIOGH, SBI15F, and SBI02F. The spectra were measured with different settings 
(Table 5.3). The corresponding Lorentz-functions are shown in the right figure. 
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samole iV settine a* IA-1 FlA N. 1 
SBI15F 1182 (b) (1.41~0.04)10 ~~ ~. ~ ~.. ~~. _ 
SBIOGH 1555 (b) (1.20 & 0.04)10-* 3500 f 420 19 k 2 
(c) (1.24 zt O.O2)1O-2 3270 rt 220 18 It 1 
SBI07H 2511 (c) (8.39 zt 0.22)10-3 2990 * 230 11 f 1 
SBIlOH 3090 (c) (7.53 + 0.22)10-3 2440 + 240 8 zk 1 
Table 5.4: Fit parameters of disordered and annealed samples at 150°C. The data were 
obtained from azimuthal averaging Given are the setting (collimator length, sample detec- 
tor distance, wavelength), the peak positions, q*, the peak intensities, I, the correlation 
lengths, c, and the average number of JamelJae per stack, N,. (a) 3m/3m/5.5&& (b) 
6m/6m/7.67.& (c) 6m/6m/14.8.& Sample SBIllC is disordered, the other samples are 
annealed. 
As described above, spectra from disordered and from annealed samples were cen- 
trosymmetric and therefore averaged azimuthally, only the beamstop being masked. The 
results from fits using azimuthally averaged spectra are summarized in Table 5.4. Exper- 
imental data with fits of smeared Lorentz-functions together with the Lorentz-functions 
are shown in Fig. 5.37 and 5.36 
In principle, spectra from ‘polycrystalline’ samples should be multiplied with the 
Lore&-factor for polycrystalline samples [89]. This was not done in the present anal- 
ysis. The procedure is as follows 1891: The background, if existing, is subtracted from 
the azimuthally averaged and desmeared intensity, Ip. The such obtained spectrum is 
multiplied by 4?rq2 in order to get the single-crystal intensity, I,: 
L(Q) = 4v24(q) (5.59) 
In the present analysis, Lorentz-functions were fitted to I,(q). We now attempt to estimate 
the error in peak position. The difference in peak position of the single-crystal spectrum, 
I,(q), and the isotropic spectrum, I,(q), reads 
where qf and qz denote the peak positions of the single-crystal spectrum and the isotropic 
spectrum, respectively. Using the values from Table 5.4, shifts in peak position were found 
to be smaller than 0.2% and were thus considered to be negligible. 
Analysis of the peak width gives information about the average number of lamellae 
stacked in one ‘grain’ provided that the distribution of lamellar thicknesses is narrow 
(Chapter 5.3). The correlation length is related to the half width at half maximum by 
[ = l/(HWHM). A plot of the correlation length [ as obtained from the Lorentz-fits 
is shown in the left graph of Fig. 5.38. The correlation length has its maximum value 
of 2000 - 4000 8, for samples with chain length larger than 1000. Below N = 1000, 5 is 
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Figure 5.38: Left figure: Correlation lengths of molten and annealed samples as a function 
of chain length at 150°C. The vertical fine represents the ODT. Error bars are errors from 
the fit. Right figure: Average number of lamellae per stack, N,, for annealed samples as 
a function of chain length at 15O’C. 
much smaller, below 1000 A. Due to the smearing effect, the errors in determining the 
correlation length are relatively large. As described in Chapter 5.3, the average number 
of lamellae per stack, N,, can be determined from the peak width using Eq. 5.45 
tl:N”D= 2i~N, 
2.783 2.783~’ ==+- 
N, N 0.443 <q* (5.61) 
The average number of lamellae per grain of annealed samples is shown in Fig. 5.38. N, 
takes values between 8 and 25 for all sanples. The average number of lamellae per grain 
is maximum for middle molar-mass samples (N = 921 - 1555). The average number of 
lamellae of the two highest molar-mass samples is only 8 - 11. A resson might be that it 
takes a very long time for these samples to form grains of a certain size. The chains are 
very long, i.e. the diffusion constants are low and entanglement effects play an important 
role. For samples close to the ODT, N, is relatively small. The fact that the profile is close 
to sinusoidal (as shown using SAXS, Fig. 5.23) should not give rise to a smaller correlation 
length than for a rectangular profile (Fig. 5.10). Thus, it may be that the average number 
of lamellae per stack is smaller than for samples deeper in the ordered state or that the 
distribution of lamellar thicknesses is larger. 
Solvent-cast samples 
Solvent-cast and shear aligned samples were mounted as shown in Fig. 5.33. Peaks were 
expected on the left and right side of the direct beam (q,-direction). Anisotropic spectra 
(from solvent-cast and shear aligned samples) were azimuthally averaged using horizontal 
and vertical sector masks (Fig. 5.35), thus giving information on the peaks and the under- 
lying diffraction ring, if existing. The horizontal sectors correspond to qy and the vertical 
sectors to qz. Spectra from solvent-cast samples averaged in this way together with fits of 
smeared Lorentz-functions and the corresponding Lorentz-functions are shown in Fig. 5.40 
and 5.39. The peak positions, q;, q;, the peak intensities, I,, I,,, and correlation lengths, 
&, &, for solvent-cast samples found in 4;. and in q,-direction are given in Table 5.5. The 
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Figure 5.39: Upper figure: Horizontal (qv, o) and vertical (42, 0) spectra at 15OOC from 
low molar-mass samples solvent-cast from benzene. Lines are fits of smeared Lorentz- 
functions. Left curves: SBI08A, right curves: SBI12A. Both spectra were measured at 
3m/3m/5.58k The corresponding Lorentz-functions are shown in the lower graph. 
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Figure 5.40: Upper figure: Horizontal (p,, o) and vertical (42, 0) SANS-spectra at 15PC 
from high molar-mass samples solvent-cast from benzene. Lines are fits of smeared 
Lorentz-functions. From left to right: SBIIOG, SBIOGG, SBI15A, and SBI02G. The cor- 
responding Lore&z-functions are shown in the lower graph. 
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peak positions in qz- and q,-direction do not differ more than 2% with the exception of the 
highest molar-mass sample (SBIlOG) w h ere a difference of 6% is found which is attributed 
to mechanical stresses. One sample (SBI08A) was measured with two settings. The peak 
positions obtained in q,-direction differ by 3%. ‘However, the peak width changes by a 
factor of 3 upon changing the setting (Table 5.5). A reason might be an instability of the 
fitting routine which leads to a high error on E. 
Table 5.5: Fit parameters of solvent-cast sampIes at 150°C. The data were obtained from 
azimuthal averaging using sector masks in horizontal (upper vaJues) and vertical direction 
(lower values). Given are the the setting [collimator length, sample detector distance, 
wavelength), the peak positions, q;, q$ the peak intensities, Iv, I,, the correlation lengths, 
&,, &, and the average number of lamellae per stack, N,, in y- and r-direction. (a) 
3m/3m/5.58A, (b) 6m/6m/7.67if, (c) 6m/6m/14.8A. [d) Due to an instability in the 
fitting routine, this value is probably too high. 
The degree of orientation is estimated from the peak height ratio, I,/& and from the 
difference in correlation length in qz- and q,,-direction. The peak height ratios, I,,/Iz, vary 
a lot from sample to sample and are subject to large errors. For most samples the ratio 
is found to be 2 - 3 meaning that the samples are oriented parallel to the film surface 
to a certain degree. The correlation length as a function of chain length and the average 
number of lamellae per stack are shown in Fig. 5.41. One should not put too much weight 
on the exact values obtained, as N 3000 .& is considered as the upper limit of the fitting 
routine [107]. The average number of lamellae in q,-direction, is found to take values 
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, 
Figure 5.41: Left figure: Correlation lengths of samples solvent-cast from benzene as a 
function of chain length at 150°C. (o) Horizontal [qz), (e) vertical (qY) direction. The 
vertical line represents the ODT. Error bars are errors from the fit. Right figure: Average 
number oflamellae per stack, N,, as a function of chain length at 15O’C. 
Figure 5.42: Left figure: Horizontal (qY, ) o an vertical (42, 0) SANS-spectra at 15iPCfrom d 
SBIO7G (solvent-cast from benzene) and from SBI07L (solvent-cast from cyclohexane). 
Lines are fits ofsmeared Lorentz-functions. The intensities are shifted. The corresponding 
Lorents-functions are shown in the right figure. 
between 6 and 87. In q,-direction, values between 5 and 17 are found which are similar to 
the ones found with annealed samples (Table 5.4 and Fig. 5.38). Especially for low and 
middle molar-mass samples, the number of lamellae per grain is thus larger normal to the 
film surface than parallel to the film surface. In general, the degree of alignment is smaller 
than what is obtained using shear alignment (see below). The degree of alignment depends 
strongly on the film thickness, because lamellar ordering is induced at the surfaces. A film 
thickness of 0.6 mm, as chosen hereT, is probably too high for obtaining good alignment. 
For films of 0.1 mm thickness, good alignment has been reported [log]. From our data, we 
cannot give a recipe for how to obtain good alignment. All samples were prepared in the 
same way (Chapter 4). The scatter in the peak height ratios and the correlation lengths 
‘A relatively high value of the Finn tbidmess was chosen in order to get tractable samples, 
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Figure 5.43: Left figure: Horizontal (qy, o) and vertical (42, 0) spectra at 15oOC from 
SBIOGG (solvent-cast from benzene, p = 1.13), SBIOGL (solvent-cast from cyclohexane, 
A&/a,v = 1.12) and SBIOGA (solvent-cast from benzene, &&/&?N = 1.22). The in- 
tensities are shifted. Lines are fits of smeared Lore&z-functions. The corresponding 
Lorentz-functions are shown in the right graph. The fact that the Lorentz-function in 
horizontal direction is so sharp compared to the curve in vertical direction, is attributed 
to an instability of the fitting routine. 
is attributed to instabilities in the fitting routine rather than to differences in the degree 
of orientation from sample to sample. 
We now attempt at establishing if there is a difference in lamellar thickness according 
to the solvent chosen and to the degree of crosslinking. Samples SBI07L and SBIOGL 
are solvent-cast from cyclohexane which, at room temperature, is a marginal solvent for 
polystyrene and a good solvent for polybutadiene. The results from these samples are 
compared with the results from samples SBI07G and SBIOGG which both were solvent- 
cast from benzene, a good solvent for both blocks. Comparing the peak positions from 
SBI07G and SBI07L, a difference of only 0.7% (horizontal direction) is found which is con- 
sidered negligible. The experimental data together with the fits are shown in Fig. 5.42. No 
difference is found in the peak positions of SBIOGG and for SBIOGL (Fig. 5.43 and Table 
5.5). However, comparing SBIOGA and SBIOGG which are both solvent-cast from ben- 
zene, but contain different amounts of the antioxidant Irganox 1010 (SBIOGA: 0.1 wt-%, 
&&/ii&r = 1.22, SBIOGG: 0.5 wt-%, ti,llii;, = 1.13), a slight difference in peak posi- 
tions is found. The slightly larger degree of crosslinking of SBIOGA leads to a lamellar 
thickness which is 4% higher than the one of SBIOGG which corroborates the SAXS-result 
(Fig. 5.27 and Table 5.1). It is concluded that crosslinking occurs during solvent-casting, 
in a state where the chains are still swollen. Great care is thus necessary when preparing 
polystyrene-polybutadiene samples for determination of the lamellar thickness. 
To summarize, solvent-casting under the conditions used (using benzene, a good, non- 
selective solvent, a film thickness of 0.6 mm and subsequent annealing at 150°C) leads 
to a certain degree of alignment, as seen from the intensity ratio and the difference in 
stack height. No difference in peak position is found using different solvents. However, 
crosslinking during the solvent-casting process has an influence on the lamellar thickness 
obtained. 
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Shear aligned samples 
121 
sample N setting peak position peak intensity ratio correlation length N, 
4*/A IV> I,farb.units Is/Is su, es 
1.39 l 0.04 lo- 
Table 5.6: Fit parameters of shear aligned samples at 15oOC. The data were obtained 
from azimuthal averaging using sector masks in horizontal (upper values) and vertical 
direction (lower vaJues). Given are the the setting (collimator length, sample detector 
distance, wavelength), the peak positions, q;, q$ the peak intensities, I,,, I=, the correlation 
lengths, &,, .$, and the average number of JameJJae per stack, N,, in y- and s-direction. 
[a) 3m/3m/5.58.& (6) 6m/6m/7.67,& (c) 6m/6m/14.& 
Figure 5.44: Left figure: Horizontal (q,,, o) and vertical (qz, l ) spectra from shear aligned 
samples at 15PC. From left to right: SBIOGD, SBI15E, and SBIOZD. Lines are fits of 
smeared Lorentz-functions. The corresponding Lore&z-functions are shown in the right 
graph. Full line: qv, broken line: qz. 
Spectra from shear aligned samples were treated in the same way as solvent-cast samples. 
The such obtained spectra together with fits of resolution smeared Lorentz-functions are 
shown in Fig. 5.45 and 5.44. The peak positions, peak intensities and correlation lengths 
found are given in Table 5.6. As stated above, values of the correlation length above 
N 3000 A cannot be determined precisely by the fitting routine [107]. However, the 
overall picture concerning the degree of alignment is consistent, as will be established 
below. The peak positions found in the qy- and q,-directions are nearly equal. The values 
of the peak height in the qV- and q,-direction are very different (1,/I, = 11 - 25) which 
means that the samples are well-aligned. As established in SAXS-experiments, all samples 
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Figure 5.45: Left figure: Horizontal (q,,, o) and vertical (42, 0) spectra from SBllOK (left 
curves) and SBIO7K (right curves) which were shear aligned. The spectra were measured at 
150°C. Lines are fits of smeared Lorentz-functions. The corresponding Lorentz-functions 
are shown in the right graph. Full line: qv, broken line: qz. 
Figure 5.46: Left figure: Correlation lengths of shear aligned samples as a function of 
chain length at 15oOC. (o) horizontal [qz), ( ) l vertical (qv). The vertical line represents 
the ODT. Error bars are errors from the fit. Right figure: Average number of JameJJae 
per stack, N,, as a function of chain length at f5PC. 
were found to be aligned in the parallel direction (Fig. 5.28). This finding is corroborated 
by the difference in correlation length 5 as shown in Fig. 5.46 and in the resulting average 
number of lamellae per stack. Especially for samples having intermediate molar masses 
(N = 921- 1555), up to N 60 lamellae are stacked parallel to the shear plane (qV-direction) 
whereas domains oriented perpendicular to the shear direction only contain N 5 - 19 
lamellae on average. The latter value is similar to the results from annealed samples 
(Table 5.4). The difference is not quite as high for the two highest molar mass samples 
which might be due to the difficulty of aligning entangled, high molar-mass samples. 
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Figure 5.47: LameJJar thickness ofsamples prepared in different ways as a function of chain 
length at 150°C. The values were determined using SANS. (0) disordered, (o) annealed, 
(A) solvent-cast from benzene, data found in q,-direction, (x) shear-aligned, data found 
in q,-direction. The vertical line represents the ODT. 
Comparison of different preparation methods 
In Fig. 5.47 the lamellar thickness found for disordered, annealed, solvent-cast and shear 
aligned samples are shown. Values in q,-direction were used for solvent-cast and shear 
aligned samples. As with SAXS, no significant differences are seen according to the prepa- 
ration method which indicates that the samples are in thermal equilibrium. 
5.6 Results and discussion 
In this section, data from samples prepared in different ways and studied using small-angle 
X-ray and neutron scattering are compiled and discussed. First, the peak positions as ob- 
tained with SAXS and SANS are compared for the three preparation methods separately. 
Second, results from samples prepared in different ways are compared. No significant 
differences in the values of the lamellar thickness are observed which indicates that the 
samples are in thermal equilibrium. Third, a more thorough analysis of the scaling behav- 
ior in different regions of phase space is made using data from all samples. An intermediate 
regime is identified and discussed in relation to results reported in the literature. 
The peak positions as determined from SAXS and SANS are given in Table 5.7. For 
disordered samples, the differences are smaller than 3%. Two samples (SB05F and SBllB) 
were additionally studied using a Huxley-Holmes camera. These experiments are described 
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N sample 
156 SBI05B 
SB05F 
236 SBI14B 
310 SBIllC 
SBllB 
374 SBI12F 
383 SBI08F 
921 SBI02F 
1182 SBI15F 
1555 SBIOGH 
2511 SBI07H 
3090 SBIlOH 
374 SBI12A 
383 SBI08A 
921 SBI02G 
1182 SBI15A 
1555 SBIOGG 
2511 SBI07G 
3090 SBIlOG 
374 SBI12C 
383 SBI08C 
921 SBI02D 
1182 SBI15E 
1555 SBIOGD 
2511 SBI07K 
3090 SBIlOK 
p/A-f q-/A-’ &4Xd&4NS 
SAXS SANS 
(6.20 f 0.09)10-’ 
(6.10 & 0.17)10-2(a) 
(4.55 f 0.09)10-2 
(3.98 f 0.09)10-’ (3.85+ 0.11)10-2 1.03 
(3.93 * 0.17)10-2(a) 1.02 
(3.33 It 0.04)10-2 (3.32* O.ll)lO-’ 1.00 
(3.18 f 0.04)10-2 (3.19f 0.11)10-2 1.00 
(1.54f O.O2)lO-2(b) (1.57f 0.04)10-2 0.98 
(1.37* O.O2)lO-2(b) (1.415 0.04)10-2 0.97 
(1.19 5 O.O2)lO-2(b) (1.2Ort O.O4)1O-2(c) 0.99 
(1.24% O.O2)1O-2(c) 0.96 
(8.39 i 0.22)10-3 
(7.53 f 0.22)10-3 
(3.33 * 0.04)10-2 (3.35f 0.11)10-2 0.99 
(3.13 f 0.04)10-2 (3.20f O.11)1O-2(c) 0.98 
(3.31 f 0.04)10-2(c) 0.95 
(1.48f0.02)10-2(b) (1.58+0.04)10-2 0.94 
(1.33 +0.02)10-*(b) (1.4Ort 0.04)10-2 0.95 
(1.19+0.02)10-“(b) (1.23& 0.04)10-2 0.97 
(8.32* 0.22)10-3 
(7.47 f 0.22)10-3 
(3.32 zt 0.02)10-2(b) 
(3.12 i 0.03)10-* 
(1.51 f 0.02)10-2(b) (1.59i 0.04)10-2 0.95 
(1.34+ O.O2)lO-2(b) (1.41+ 0.04)10-2 0.95 
(1.17& O.O2)lO-2(b) (1.21& 0.04)10-2 0.97 
(8.37j, 0.22)10-3 
(7.48 zt 0.22)10-3 
Table 5.7: Peak positions of disordered, annealed, solvent-cast and shear aligned samples, 
determined at 150°C in SAXS- and SANS experiments. (a) measured using the Huxley- 
Holmes camera at Saclay. All other SAXS-data were measured using the Kratky-camera. 
(b) determined using the third order Bragg peak, (c) measured at different settings. 
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Figure 5.48: Lamellar thickness ofdisordered (upper left), annealed (upper right), solvent- 
cast (Jeft figure) and shear aligned samples (right figure) versus chainlength at 150°C as 
obtained with SAXS [*) and with SANS (0). Th e vertical line indicates the ODT. 
in Appendix D. The results coincide nicely with the data from the Kratky-camera and 
from SANS (Fig. 5.48). The characteristic lengthscale in the disordered state, D = 2?r/q*, 
defined in terms of a Bragg reflection, is shown as a function of chain length in Fig. 5.48. 
The peak positions from annealed samples do not differ more than 4% (Fig. 5.48). For 
solvent-cast and shear aligned samples, the differences between SAXS- and SANS-results 
are slightly higher: 6 and 5%, respectively (Fig. 5.48). As the SAXS-spectra from solvent- 
cast and from shear aligned samples were not desmeared (except the spectrum of SBIOGG), 
the differences might be due to a residual beam length smearing effect. However, as in 
most cases the values are equal within the error bars, the data will be used without further 
adjustments. 
The reason for using different preparation methods (annealing, solvent-casting from 
a good: non-selective solvent, and shear alignment) was to test the existence of non- 
equilibrium states. The influence of solvent quality and of polydispersity in chain length 
on the lamellar thickness have been discussed in Sections 5.4 and 5.5; no differences were 
observed for samples solvent-cast from benzene (a good solvent) and from cyclohexane (a 
solvent good for polybutadiene and marginal for polystyrene), but the lamellar thickness 
was found to depend on the width of the molar-mass distributions. For consistency, the 
samples solvent-cast from cyclohexane and those with a broader molar-mass distribution 
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Figure 5.49: Characteristic lengthscale D = 2n/q” versus chainlength at 15O’C as obtained 
with SAXS and with SAiVS. Disordered samples: diamonds: SAAB, filled stars: SAXS 
(Kratky-camera), open stars: SAXS (Huxley-Holmes camera). Annealed samples: open 
circles: SANS, filled circles: SAXS (Kratky-camera). Solvent-cast samples: open triangles: 
SANS, filled triangles: SAXS (Kratky-camera). Shear aligned samples: plusses: SANS, 
crosses: SAXS (Kratky-camera). The vertical line indicates the ODT. 
will be excluded from further analysis. The values of the characteristic lengthscale, D = 
2r/q*, as obtained from samples prepared in different ways are plotted in Fig. 5.49. No 
significant differences in peak position according to the preparation method is observed 
which indicates that the samples are in thermal equilibrium. This allows us to use data 
from disordered, annealed, solvent-cast (from benzene) and from shear aligned samples 
for investigation of the scaling behavior. 
We now attempt to establish the scaling behavior of the characteristic lengthscale 
with chain length, D = D,Ns. In the following, we will only discuss the exponent 6. 
The proportionality constant, D,, does not have an immediate physical meaning, apart 
from being a basic building block length. It is found to be vary between 1.4 and 6.1 
8, according to the fitting region (Table 5.8). Comparing with the bond lengths of the 
carbon-carbon bond which is N 1.4 .& [ll], nearly all values seem to be to small to have a 
physical interpretation. Only the value found for high molar masses is larger (6.1 A) and 
could represent a basic building block length. 
The fits are all made in log-log-representations of the peak position us. the chain 
length, because this representation allows to detect changes of the scaling behavior. First, 
we focus on the disordered region. The peak positions obtained from different instruments 
are shown in Fig. 5.50* as a function of chain length in a log-log-representation. A weighted 
‘For a description of measurements with the Huxley-Holmes camera see Appendix D. 
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Figure 5.50: Upper figure: Peak positions of disordered samples as a function of chain 
length in a log-log-plot. All peak positions were measured at 15O’C. Diamonds: SANS, 
filled stars: Kratky-camera, open stars: Huxley-Holmes camera. The full line is a weighted 
linear fit. The dash-dotted line is a weighted iinear fit with the slope fixed at -0.5. The 
vertical line indicates the ODT. Lower figure: Peak positions of all samples as a function 
of chain length at 1W’C in a log-log-plot. Same symbols as in Fig. 5.49. The vertical line 
indicates the ODT. The dotted line is a weighted linear iit to all data, the broken line a 
fit to data from ordered samples the full line a fit to data from disordered samples, and 
the dash-dotted line a fit to data from disordered samples keeping the slope fixed to -0.5. 
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Figure 5.51: Upper figure: Peak positions as a function of chain length at 15OOC in a 
log-Jog-plot. Same symbols as in Fig. 5.49. The vertical line indicates the ODT. The full 
line is a weighted fit to data from low molar-mass samples (N = 156 - 921) and the broken 
line a weighted fit to data from high molar-mass samples (N = 921- 3090). ISR denotes 
the intermediate-segregation regime and SSL the strong-segregation limit. Lower figure: 
Same data and same fits as above, but the sampJe with the lowermost molar mass has 
been excluded from the fit. 
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region fitting range DO/B, 6 
all samples N = 156 - 3090 2.7 i. 0.2 0.72 & 0.01 
disordered samples N = 156 - 310 3.7 27 0.3 0.66 * 0.03 
ordered samples N = 374 - 3090 2.9 z’t 0.2 0.71~0.01 
low chain length N = 156 - 383 2.6 zb 0.3 0.72 + 0.02 
N = 156 - 921 1.6 f 0.2 0.81 i: 0.01 
N = 236 - 921 1.4 f 0.2 0.83 * 0.01 
high chain length N = 921 - 3090 6.1 zk 0.1 0.61 f 0.01 
Table 5.8: Fitting parameters found in fits of D = DON6 in different regions of the phase 
diagram. Data from all preparation methods were used. 
linear fit9 gives an exponent b = 0.66 which is considerably higher than the prediction for 
Gaussian chains, D K N’/‘. For comparison, a line with slope -l/2 was force-fitted to 
data from disordered samples in Fig. 5.50. It clearly does not fit the data. We conclude 
that the disordered samples are not in the Gaussian regime, but the chains are stretched. A 
region XN 21 5- 10 is covered with these samples. In dynamic light scattering experiments 
in the disordered state, a mode related to chain stretching vanished at XN N 5 (Chapter 
7). This XN-value was considered the Gaussian- to stretched-coil transition. A similar 
value has been identified with other block copolymers [Q]. We thus conclude that the 
disordered samples studied are in a stretched configuration. 
The data from all samples are shown in a log-log-representation in Fig. 5.50, lower 
figure. The exponent found in the ordered state, b = 0.71 + 0.01, is consistent with 
the mean-field prediction b = 2/3 [lo] and with a previous experimental study [57]. A 
more thorough analysis of the scaling behavior in the ordered state is given below. Only a 
minor difference is thus found between the exponents in the disordered an the ordered state 
(Table 5.8) which means that there is no drastic change in behavior at the ODT which 
is consistent with the findings in a temperature sweep with polystyrenepolybutadiene 
(Chapter 6) and with the results given in [Q] (see Chapter 1). 
We now attempt at examining the scaling behavior more closely. In order to identify 
an intermediate-segregation regime (ISR), lines have been fitted to low (N = 156 - 921) 
and to high molar-mass samples (N = 921- 3090) (Fig. 5.51, upper figure). The following 
exponents are found: 
6 = 0.81 ?z 0.01 for N = 156 - 921 
6 = 0.61 i 0.01 for N = 921- 3090 
From the crossover points of the fitted lines, the XN-value of the crossover between the 
ISR and the SSL is estimated: In(N) = 6.7 3 XN = 27 where x = 0.033 at 150°C 
has been used (Chapter 3). Fitting to the range N = 156 - 383 gives an exponent 
6 = 0.72 It 0.02. However, the fit is not consistent with the high molar-mass data (not 
*In all weighted fits, the data points were weighted with the inverse error squared, (l/Aq’)‘. The errors 
caa be found in the Tables in Chapters 5.4 and 5.5. 
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shown). It will therefore not be used for further investigations. In order to study the 
influence of the lowermost datapoint (N = 156) (which might be in the Gaussian regime) 
on the scaling behavior, it was omitted from the fit (Fig. 5.51, lower figure). Then, an 
exponent 6 = 0.83 fO.O1 is found for N = 236 - 921 which is very similar to the values for 
N = 0.81 i 0.01. The crossover is found at XN = 34, which is very similar to the value 
given above (xN = 27). In summary, a crossover is identified at XN N 30. Below this 
value, the characteristic lengthscale scales like D K No.* and above like D cc N”.6. The 
values of the exponent differ significantly from each other. 
The latter value of the exponent (6 = 0.6) is somewhat lower than the mean-field 
predictions 6 = 0.643 [23] and b = 2/3 [IO] for the strong-segregation limit (SSL), the 
reason for this discrepancy being unclear. In spite of this discrepancy, the region N > 
900 which corresponds to XN > 30 (x = 0.033 at 150°C) is considered to be the SSL. 
Another feature characteristic of the SSL is that the lamellar interfaces are narrow [23]. 
As established in SAXS-measurements (Section 5.4), the spectra from these high molar- 
mass samples display up to fifth-order Bragg peaks. The presence of higher order peaks 
indicates that the lamellar interfaces are narrow and the profile is close to rectangular. For 
model calculations see Chapter 5.3. The narrow-interphase assumption of the SSL-theories 
[lo, 231 is thus met with these samples. 
Below XN = 30, the characteristic lengthscale scales with chain length like D cx No-s. 
The SAXS-spectra from ordered samples in this region display only one peak (Chapter 
5.4). This means that the profile is close to sinusoidal as calculated in Chapter 5.3. This 
regime is identified as the intermediate-segregation regime (ISR) which has the following 
characteristics: the chain conformation deviates from Gaussian, the chains are stretched, 
and the density profile is smooth (both in the disordered and in the ordered state). Scaling 
with an exponent of 0.8 has been observed before [9, 681. We will relate our results to 
previous measurements below. 
The crossover between the SSL and the ISR takes place at XN N 30. This value is not 
very precise because the determination has been carried out in a log-log-plot and because 
of the lack of data between N = 383 and 921. However, the existence of the crossover is 
not affected by the lack of data. 
To summarise, two regimes were identified where the characteristic lengthscale scales 
with chain length in different ways: 
. the intermediate-segregation regime: (xN)os~ < XN < (xN),, where D a: No.s 
l the strong-segregation limit: XN > (xiv),, where D K No.6 
The crossover is located at (xN), ~30. 
Comparing this result with the theoretical predictions which were reviewed in Chapter 
5.1, the following can be said: In all approaches which discribe the ordered state, a 
crossover has been predicted. The exponent for XN < (xN), has been predicted to be 
higher than for XN > (xN), [71, 72, 73, 74, 751. Th e value determined in this study, 
(xN), N 30, fits nicely with the theoretical predictions of Tang and Freed, (xN), N 24 
[72]r” and of Sones et al. [75], (xN),, N 17 - 18. The values predicted by McMullen [74], 
“The authors do not give the value explicitely. It was found by evaluating the expression given for D 
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(xN), N 55 and by Melenkevitz and Muthukumar [71], (,yN), N 95, are higher than the 
values found here. Vavasour and Whitmore [73] do not give an explicit value for XN at 
the crossover. 
Both the Gaussian- to stretched-coil transition are no phase transitions, but smooth 
changes in chain conformation. These changes are closely related to the shape of the 
density profile: The Gaussian- to stretched-coil transition occurs in the disordered state. It 
occurs at the crossover from the fully homogeneous state to a regime, where concentration 
fluctuations persist. The crossover from the intermediatesegregation regime to the strong- 
segration limit (in the ordered state) marks the crossing from a smooth density profile to 
a rectangular profile with narrow interfaces. 
We now attempt at comparing our results to experimental data reported in the litera- 
ture. For this purpose, the data have to be converted to XN-values. As most authors do not 
give the x-parameter, this is not straightforward. The data on polystyrene-polyisoprene 
from Hashimoto et al. [57] and from Hadsiioannou and Skoulios [68] can be compared 
with ours only qualitatively. Hashimoto et al. [57] report that the exponent 2/3 is consis- 
tent with their data having molar masses between 21000 and 102000 g/mol, all samples 
being ordered. Fitting a powerlaw to these data gives b = 0.64 + 0.03. Removing the 
data point from the sample with the lowest molar mass from the fit, S = 0.59 + 0.02 is 
found. Omitting the two samples with the highest molar masses (i.e. the fitting range 
is &i~ = 21000 - 55000 g/mol) leads to b = 0.70 i 0.05 which is distinctly different 
from the high molar-mass result, 0.59. The crossover between these two regimes is lo- 
cated at tiz 21 44000 g/mol. The data from Hadziioannou et al. [68] were also obtained 
from polystyrenepolyisoprene diblock copolymer samples covering a large range in molar 
masses: h;r, = 8500 - 205000 g/mol. Samples with &!f~ < 27000 g/mol are disordered. 
Fitting a powerlaw to data from-all ordered samples gives an exponent b = 0.79kO.02 [68]. 
A fit to low molar-mass data (MN = 27000 - 98000 g/mol) leads to 6 = 0.80 f 0.04. For 
long chains (tiN = 114800 - 205000 g/mol), 6 = 0.72 * 0.08 is obtained. The difference in 
exponents is not large, though. The crossover is located at &f~ = 109000 g/mol, thus at 
a higher value than in Hsshimoto’s data [57]. However, both crossover values are of the 
same order of magnitude as the one found in the present study: A& N 55000 g/mol. In 
both studies, the exponent is higher in the vicinity of the ODT than deeper in the ordered 
state which corroborates our findings. 
In order to visualise the three regions of the phase diagram: Gaussian regime, inter- 
media&segregation regime and strong-segregation limit, we attempt to compile our data 
with data on the Gaussian- to stretched-coil transition (GST) [9]. These data are presented 
in Chapter 1 (Fig. 1.9). The GST was identified using nearly symmetric (fp~p = 0.55) 
poly(ethylene propylene)-poly(ethy1 ethylene) (PEP-PEE) diblock copolymers (Chapter 
1). In order to bring the data on a XN-scale, the N-values from our data and from the PEP- 
PEE data are multiplied with the respective x-parameters (Fig. 5.52). The following values 
were used: x = 0.033 for our data measured at 150°C and x = 4.46K/T+2.1 x 10e3 = 0.017 
[22] for the measuring temperature, 23°C. The latter value was derived using fluctuation 
theory. The ODT of the PEP-PEE data is located at XN N 14 which might be due to 
the slight asymmetry in composition and to the fact, that the value was derived using 
fluctuation theory. The XN-values of the PEP-PEE data are adjusted by multiplication 
with a factor 10.5/14, such that the ODT is located at 10.5 as in our data. Due to 
zs a function of N, inserting OUT due for x (Chapter 5.1). 
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GST 
I ODT 
ln(xN) 
Figure 5.52: Peak positions as a function of chain length in a Jog-log-plot. (o) our data, 
(+) data from PEP-PEE adopted from [91. The latter data are adjusted such that the 
ODT is at XN = 10.5. 
the difference in chemical structure, the peak positions of PEP-PEE and polystyrene 
polybutadiene are dissimilar. Three regimes are discerned: The Gaussian regime at XN < 
6, the intermediatesegregation regime at XN N 6 - 30, and the strong-segregation limit 
at XN > 30 (Fig. 5.52). 
Adding the newly identified crossover between the ISR and the SSL to the phase 
diagram by Rosedale et al. [22] (Chapter 1) results in the diagram shown in Fig. 5.53. 
Together with the Gaussian- to stretched-coil transition at (xN)os~ N 5 - 7 which was 
identified in dynamic light scattering experiments (Chapter 7 and [log]), the crossover 
between the ISR and the SSL describes the change in chain conformation. 
5.7 Summary and conclusion 
In this chapter of the thesis, results from a structural analysis of symmetric polystyrene 
polybutadiene diblock copolymers in the bulk were presented. The aim of the study was 
to establish the scaling behavior of the characteristic lengthscale, D, as a function of chain 
length, N: D cx Ns, focusing on the intermediate-segregation regime. 
In order to reach the strong-segregation limit, a block copolymer with a relatively 
high Flory-Huggins segment-segment interaction parameter, x, was chosen (polystyrene 
polybutadiene) and samples covering a large range in molar masses were synthesised. 
Chain lengths ranged from N = 156 to 3090 which allowed a study of the region XN N 5 - 
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range studied in this work 
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Figure 5.53: Modified phase diagram. The original diagram is adopted from 1221, see 
Chapter 1. The crossover from the intermediate-segregation regime (ISR) to the strong- 
segregation limit (SSL) was identified in this study using small-angle scattering (SAS). It 
was found to be located at XN N 30. GST stands for Gaussian-to-stretched-coil transition 
which was identified wind dynamic light scattering (DLS). The order-disorder transition 
(ODTJ wss determined using rheology. Mean-field theory predicts the ODT to occur at 
XN = 10.5 for symmetric diblock copolymers IS]- A(xN) denotes the deviation from the 
value 10.5 as predicted by fluctuation theory [20]. 
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100. All diblock copolymer samples were close to symmetric, fps = 0.5. For consistency, 
all sample preparations and measurements were carried out at the same temperature, 
15O’C. Stabilization was necessary in order to prevent the samples from crosslinking. In 
order to test the existence of non-equilibrium states, ordered samples were prepared using 
annealing above the glass temperature, solvent-casting from a good, non-selective solvent, 
and shear alignment, respectively. In addition, it was studied if the quality of the solvent 
used for solvent-casting and the width of the molar-mass distribution (i.e. the degree of 
crosslinking in case of polystyrenepolybutadiene) had an influence on the structure. 
The characteristic lengthscales were determined in a combined SAXS- and SANS-study. 
Model calculations for the scattering of lame&r structures were made. They showed 
that only the first-order Bragg reflection is present in the spectrum of a sample having 
a sinusoidal density profile. For a sample having a density profile with sharp interfaces, 
higher-order Bragg reflections appear in the spectrum. In SAXS-experiments, information 
about the characteristic lengthscale and about the shape of the density profile was gained. 
The density profile of ordered samples was found to be close to sinusoidal in the vicinity of 
the ODT whereas it is close to rectangular deep in the ordered state. This was concluded 
from the absence or presence of higher-order Bragg reflections. No difference in lamellar 
thickness according to the quality of the solvent used for solvent-casting was observed. 
However, the lamellar thickness depends on the degree of crosslinking, i.e. great care in 
preventing the samples from crosslinking is prerequisite for an exact determination of the 
characteristic lengthscale. In SANS-experiments, the peak positions of high molar-mass 
samples were determined precisely. It was also found that the degree of orientation of 
shear aligned samples is much higher than for solvent-cast samples under the conditions 
used in the present work. 
The scaling behavior of the characteristic lengthscale with chain length was studied 
using data from disordered, annealed, solvent-cast and shear-aligned samples, all having 
narrow molar-mass distributions. No influence of the preparation method on the value 
of the characteristic lengthscale was observed. A scaling like D cc No.* was found for 
XN 2: 5-30 whereas D K No.6 was found for XN IT 30-100. The first regime (XN < 30) is 
interpreted to be the intermediate-segregation regime. Here, the density profile is smooth, 
both in the disordered and in the ordered state. The second regime (xN > 30) is the 
strong-segregation limit. The exponent found here (6 = 0.6) is slightly lower than the 
values predicted by mean-field theory [lo, 231, the reason being unclear. The density 
profile is close to rectangular. It is concluded that the chain conformation is closely 
related to the shape of the density profile. The existence of a crossover between the 
intermediate-segregation regime and the strong-segregation limit is in accordance with 
theories [71, 72, 73, 74, 751. However, the value (xN), 2: 30 is only consistent with the 
values given in [72] and [75]. 
A further perspective of the present study could be to fill the ‘hole’ in the scaling plot 
in the region N = 400 - 900 in order to determine the position of the crossover more pre- 
cisely. Expanding the XN-region is not straightforward with polystyrene-polybutadiene 
diblock copolymers for the following reasons: At the low end of the XN-range, the Gaus- 
sian approximation of large chain lengths breaks down. Studying samples with higher 
molar mass than the ones presented here is difficult using small-angle scattering, because 
the lower limit of scattering vectors attainable in small-angle scattering experiments is 
almost reached with our samples. However, synthesis of higher molar-mass samples is 
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feasible. A more precise analysis of the interphase width of our samples could illuminate 
the relationship between the shape of the density profile and chain conformation, which 
has been predicted by theory [71, 72, 74, 751. 
Chapter 6 
Temperature behavior around the 
ODT 
In the previous chapter, the intermediate-segregation regime (ISR) was identified between 
the homogeneous phase deep in the disordered state and the strong-segregation limit deep 
in the ordered state. The ISR is located between XN N 5 and 30 and includes the order- 
disorder transition (ODT). At a fixed temperature, it was observed that the characteristic 
lengthscale, D, does not change discontinuously at the ODT upon varying chain length, 
N. In the ISR, the same scaling behavior was observed both in the disordered and the 
ordered state: D cc Nos. Characteristic for the ISR is the deviation from Gaussian 
behavior: the chains are stretched. In addition, the density profile in the ISR is smooth 
both in the disordered and in the ordered state. Several publications have focused on the 
temperature behavior of low molar-mass diblock copolymers around the ODT temperature 
(e.g. [22, IlO]). In the present chapter, the behavior of the characteristic lengthscale of 
one low-molar mass sample upon heating from the lamellar state to the disordered state 
is discussed. The temperature study was carried out using SANS. Knowledge of the 
position, height and width of the peak observed in the spectra gives information about 
the overall structure and the behavior of the characteristic lengthscale. No discontinuous 
change of the characteristic lengthscale at the ODT temperature is observed; however, 
the peak height and width change drastically at the ODT. Comparing the variation of 
the characteristic lengthscale with the prediction for the thermal change of the radius of 
gyration of the two blocks, information about the chain conformation is obtained. The 
results are discussed below. 
6.1 The background 
At temperatures much higher than the ODT temperature, the melt is close to homoge- 
neous. The characteristic lengthscale, 2n/q*, (defined in terms of a Bragg reflection) is 
therefore expected to depend on temperature in the same way as the radius of gyration, 
R, [llO] (Fig. 6.1): 
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Figure 6.1: Schematic representation of the ODT and the transition to mean-field (MF) 
behavior as proposed by Sakamoto et al. [llO]. Shown we the inverse peak height, I;l, 
and the characteristic lengthscale, D, as a function of the inverse temperature. 
where T,,! denotes a reference temperature and n = d(ln(Rs(T)2)/dT the thermal expan- 
sivity. For the homogeneous melt, it is thus expected that 
In(q*) = con&. - 5T (6.2) 
(Fig. 6.1) According to the chemical structure of the polymer, the parameter n takes a 
positive or a negative value, which is due to a counterbalance of thermal expansion and 
of the increasing flexibility of the chains with temperature. The behavior according to 
Eq. 6.1 has been verified experimentally with a low molar-mass polystyrene-polyisoprene 
diblock copolymer at high temperatures [IlO]. In the framework of the Leibler theory [S]; 
the structure factor of a diblock copolymer system in the disordered state is given by 
where F(z) is a combination of Debye correlation functions (Chapter 5.1): 2 = q2Riz x 
the Flory-Huggins segment-segment interaction parameter and N the chain length. For 
symmetric diblock copolymers, the structure factor is predicted to diverge at a certain 
value of XN = (xN),, the spinodal [S]. The spinodal represents the limit of stability; 
for XX > (xN),, the melt demixes. For symmetric diblock copolymers, a critical point 
is predicted. However, the situation is more’complicated because of the appearance of 
ordered structures [8] before the spinodal is reached. The region in the vicinity of the 
ODT has been studied in more detail by Fredrickson and Helfand [20]. We will come back 
to this region below. In spite of the complications in the vicinity of the ODT, the structure 
factor given above describes the variation of peak height, I, K S(q*), with temperature 
correctly deep in the disordered state: 
($)-‘E (&;)N (6.4) 
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where T, is the spinodal temperature where the peak height is predicted to diverge 
(Fig. 6.1). Here, it is assumed that the Flory-Huggins interaction parameter is inversely 
proportional to temperature: x = a/T + b. Plotting the inverse peak height versus inverse 
temperature (Fig. 6.1), linear behavior far above the ODT has been verified with low 
molar-mass samples at high temperature [110]. 
Upon approaching the ODT temperature, deviations from this behavior have been 
observed. The characteristic lengthscale has been found to depend more strongly on 
temperature than in the mean-field region which reflects chain stretching [22, 1101. The 
point where the variation of the characteristic lengthscale deviates from the one given by 
Eq. 6.1, is the Gaussian- to stretched-coil transition [9]. Fredrickson and Helfand took 
concentration fluctuations in the disordered state close to the ODT into account and 
showed (among others), that for symmetric diblock copolymers, the structure factor does 
not diverge at the ODT [ZO]. Instead, a finite maximum is reached. A weak first-order 
phase transition has been predicted for symmetric diblock copo1ymers.i In the vicinity of 
the ODT, the peak height is thus smaller than predicted by mean-field theory (Eq. 6.4). 
This has also been observed experimentally (e.g. 122, 1101). 
At the ODT temperature, different observations have been made in what concerns the 
characteristic lengthscale, the peak height and the correlation length. A discontinuous 
drop of the peak height at the ODT temperature has been found with different nearly 
symmetric diblock copolymers [22, 110, 111, 112, 113, 1141. The discontinuous drop re- 
flects the nature of the phase transition, which is by fluctuation theory predicted to be 
a weak first-order transition [20]. However, it has not been established unambiguously, 
how the characteristic lengthscale behaves in the vicinity of the ODT temperature. A 
slight discontinuity of the peak position has been reported for polystyrene-polyisoprene 
[ill] at the ODT. A continuous rise of the peak position with temperature without any 
noticeable change of behavior at the ODT was observed with poly(ethylene propylene)- 
poly(ethy1 ethylene) [114]. With a polyethylene-poly(ethylene propylene) sample, it has 
recently been found that ln(q*) rises more steeply in a narrow region around the ODT 
temperature than above and below the ODT temperature [22]. 
In the present work, the temperature behavior of a symmetric low molar-mass poly- 
styrene-polybutadiene sample was studied around the ODT temperature. 
6.2 Experimental 
The sample (SBIllC) had a chain length N = 310 and an ODT temperature of 13O’C 
(Table 4.1). A pill of 1 mm height was pressed and was heated over the ODT tem- 
perature before the measurements. The sample was thus in a lamellar, ‘polycrystalline’ 
state below the ODT. Measurements were made between 114 and 150°C using SANS. The 
spectra were measured with the setup and the settings described in Chapter 5.5. The 
two-dimensional spectra were isotropic (Fig. 6.2) both below and above the ODT. The 
spectra were azimuthally averaged and the background was subtracted. Lorentz-functions 
I(q) = I0 
1 •t (4. - q*yy* + Iag 
‘For asymmetric diblock copolymers, the ODT is also of weak fist-order [S] 
I 
!o:tc 
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Figure 6.2: Two-dimensional SANS-spectra ofSBIllCat 124 {left figure) and L34’C {right 
figure). The isointensity lines are spaced linearly. 
were smeared and fitted to the peaks (for the data analysis procedure see Chapter 5.5). 
In this way, the peak position, q’, the peak height, I,, and the correlation length, E, were 
obtained (Table 6.1). Ibg denotes a background which is due to incoherent scattering. 
The correlation is the inverse half width at half maximum. For consistency, the same 
fitting range, q = 0.025 - O.O55A-‘, was chosen for all spectra. Variation of temperature 
changes the Flory-Huggins segment-segment interaction parameter (x cc l/T). A small 
XN-region can be studied in detail when varying temperature. In the present study, the 
range explored is XN = lO.l- 11.5. 
6.3 Results and Discussion 
Narrow peaks are observed below 130°C. Above 130°C, the peaks are much broade: 
and flatter (Fig. 6.3). The temperature where the intensity drops (129 - 13O’C) is thus 
very close to the ODT temperature determined in dynamic mechanical measurements 
(13O”C), where the elastic modulus drops (Chapter 3). The temperature difference of 
l°C is attributed to a mismatch in temperature calibration of the sample holder used 
during SANS-experiments and the rheometer. As with SAXS (Chapter 5.4), it is observed 
that the intensity rises towards low q-values, which is attributed to large-scale density 
fluctuations or voids. Density fluctuations of a typical size of 500 - 1000 A have been 
observed in dynamic light scattering experiments (Chapter 7). However, fits of Lorentz- 
functions of good quality were obtained in the peak range. The Lorentz-functions are 
shown in Fig. 6.3 (right figure). A drastic change in peak shape is observed between 129 
and 130%. The peak height decreases and the peak width increases upon heating. 
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Figure 6.3: Left figure: Azimuthally averaged SANS-spectra from sample SEUIIC at some 
representative temperatures. From top to bottom: 114, 122, 126, 129, 130, 131, 134, 138, 
142, and 150°C. The lines are fits of smeared Lore&-curves. The curves are shifted. 
Right figure: The corresponding Lorentz-curves at the same temperatures [also shifted). 
Figure 6.4: Left figure: Peak position q* versus temperature. The vertical line denotes the 
ODT temperature as determined from the drop in peak height. (o) heating, (a) cooling. 
Right figure: ln(q*) versus temperature. Same symbols as in the left figure. The lines are 
linear fits. 
Plotting the peak positions, q’, versus temperature (Fig. 6.4, left figure), a continuous 
rise of q’ with temperature is observed, i.e. the characteristic lengthscale decreases upon 
heating. Neither a discontinuous change nor a change in slope at the ODT is observed. One 
spectrum was measured at N 118°C when cooling down from high temperatures. A slight 
mismatch in peak position is observed, which is attributed to temperature instability, the 
nominal temperature of 118°C being slightly too high. For further investigations, only data 
from the heating run will be used. In order to compare the variation of the characteristic 
lengthscale, 2n/q’, with the variation of the radius of gyration exclusively based on thermal 
expansivity, ln(q*) was plotted versus temperature (Fig. 6.4, right figure). Fitting lines to 
In(q*), a slope of (1.32 + 0.05) x 10-3K-1 is obtained both in the ordered (fitting range 
114 - 126°C) and in the disordered state (fitting range 134 - 150%). Comparing these 
slopes to the calculated value of K/Z, information about the deviations from Gaussian 
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(3.770 zk 0.006)10-2 (2.04+ 0.04)10-5 222& 10 
(3.777i 0.010)10-2 (1.92 * 0.05)10-5 217 & 16 
(3.786 i 0.005)10-2 (1.83 rt 0.02)10-5 202 + 7 
(3.811 zk 0.010)10-2 (1.62% 0.04)10-5 197% 15 
(3.829 i 0.010)10-2 (1.46 % 0.03)10-5 186 j, 15 
(3.848 dz 0.010)10-2 (1.29i 0.03)10-5 175% 13 
(3.674 & 0.009)10-2 (5.96 f 0.43)10-5 538 zb 54 
1 
1 
Table 6.1: Peak positions ofsample SBlllC at different temperatures. Given are the peak 
position, q*, the peak height, I,, and the correlation length E. The errors given are errors 
from the fit and are probably underestimated. 
behavior is obtained. For a polystyrenepolybutadiene block copolymer, the average value 
of IE reads 
NPS 
IE= NPS+NPB 
KPS + 
NPB 
NPS + NPB 
KPB 
For sample SBIllC, the degrees of polymerisation of the two blocks are Nps = 95 and 
NPB = 155. The values of the thermal expansivities are ups = -1.1 x 10m3K-r for 
polystyrene [115] and KpB = 0 K-r for polybutadiene [116]. The value of rips is negative 
which is attributed to an increasing flexibility of the coil. The value of K. for Gaussian 
symmetric polystyrene-polybutadiene samples is -4.2 x lo-*K-r; thus -&/2 = 2.1 x 
10-4K-1. This value is a factor of six lower than the slopes obtained from the fit. This 
indicates that the chains are not Gaussian, but stretched in the temperature range between 
114 and 15O’C. Using the XN-value for the Gaussian- to stretched-coil transition, XN N 5 
(Chapter 7), the transition to Gaussian scaling is expected at N 35O’C. In the temperature 
range studied here, the sample is thus well in the ISR. Several predictions exist about the 
scaling of the characteristic lengthscale with x in the ISR (e.g. [71, 72, 73, 751). Due to 
the small XN-range covered, it is not possible to test these predictions reliably. It has 
been reported for polyethylene-poly(ethylene propylene) (PEPEP) diblock copolymers 
that the slope in a narrow region around the ODT temperature is higher than below and 
above the ODT temperature [22]. This change of slope is not present in our data. 
The peak height, I,, as a function of temperature is shown in Fig. 6.5. In the ordered 
state, the peak height decreases upon heating and eventually drops discontinuously at the 
ODT (between 129 and 13O’C) to ca. half its value. Both SANS-experiments and dynamic 
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Figure 6.5: Left figure: Peak height, IO, versus temperature. The vertical line denotes the 
ODT temperature as determined from the drop in peak height. (o) heating, (0) cooling. 
Right figure: Inverse peak height versus inverse temperature. 
mechanical measurements indicate that the phase transition is of weak first order. The 
peak height measured in the cooling run (at 1WC) is slightly lower than the value obtained 
in the heating run. This mismatch might be due to loss of sample in the beam. It may also 
be attributed to a difference in orientation of the lamellar grains in the heating and the 
cooling run. Plotting the inverse peak height versus the inverse temperature (Fig. 6.5, right 
figure), the drop between 129 and 130°C is also seen. At high temperatures the inverse 
peak height is predicted to depend linearly on the inverse temperature. This regime is not 
reached in the present study, as discussed above. 
Figure 6.6: Left figure: Correlation length, E, versus temperature. The vertical line 
denotes the ODT temperature as determined from the drop in peak height. (01 heating, 
(e) cooling. Right figure: Average number of JameJJae per sta& N,, versus temperature. 
The correlation length, 5, drops discontinuously at 129°C (Fig. 6.6). This reflects the 
loss of long-range order upon heating through the ODT. The average number of lamellae 
per stack in the ordered state, N,, can be determined from N, = 2.783 q*e/(2a) (Eq. 5.45). 
N, takes values between N, = 9 at 114’C to N, = 8 at 129°C. This value is consistent 
with the numbers found for other ordered, polycrystalline samples in the vicinity of the 
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ODT (SBI12F and SBIOSF at 150°C: N, = 10, see Chapter 5.5). In the disordered state, 
N, is not considered to have a physical meaning. 
6.4 Summary 
With a low molar-mass diblock copolymer, it has been observed that the peak height drops 
discontinuously at the ODT temperature. The peak width increases discontinuously, which 
reflects the fact that long-range order persists below the ODT temperature, but not above. 
The peak position rises continuously with temperature over the whole range studied. No 
change of behavior is observed at the ODT temperature, as expected from the behavior 
with chain length at fixed temperature (Chapter 5). The characteristic lengthscale is 
found to depend more strongly on temperature than is predicted for Gaussian chains. 
This indicates that the chains are stretched in the region studied (xN N 10.1 - 11.5). In 
Chapter 5, it was found that the intermediate-segregation regime extends over a range 
XN s 5 : 30. The sample studied here is well in the intermediate-segregation regime. It 
could be worthwile to test the predictions that exist about the scaling of the characteristic 
lengthscale with x. For this purpose, one should choose a sample where a large range in 
temperature (and thus in x) is accessible. 
Chapter 7 
Dynamic processes as observed 
with dynamic light scattering 
(The dynamic light scattering experiments vrere carried out during my six months stay at 
the Department of Physical Chemistry at Uppsala University in the group of Prof. Wyn 
Brown.) 
In the previous chapters (5 and 6), the structural properties of symmetric diblock 
copolymers both in the disordered and the lamellar, ordered state have been discussed. 
The order-tedisorder transition (ODT) from the disordered to an anisotropic, lamellar 
state occurs at XN 21 10. x is the Flory-Huggins segment-segment interaction parameter 
and N the chainlength. Deep in the disordered state (xN + 0), the melt is homogeneous 
and the chains are Gaussian. As XN is increased, the chains start to stretch [9, 291. The 
cross-over is called the Gaussian-to-stretched-coil transition (GST). The effect of chain 
stretching is closely related to the existence of concentration fluctuations in the vicinity 
of the ODT. In this intermediate-segregation regime, the chains are stretched (Chapters 
5 and 6). In the lamellar state, the concentration profile changes gradually from being 
close to sinsoidal in.the vicinity of the ODT to being rectangular deep in the ordered state 
(Chapter 5). 
In this chapter, a study of the dynamic processes of three low molar-mass polystyrene- 
polybutadiene diblock copolymers using dynamic light scattering is presented. In dynamic 
light scattering, the time-dependence of the fluctuating scattered intensity is recorded. The 
autocorrelation function of the scattered intensity gives information about the relaxation 
times of the dynamic processes occuring in the sample. Dynamic light scattering has, 
among others, been applied to polymer solutions and melts [117]. Due to their complex 
dynamic behavior, block copolymer melts have only recently been studied [118]: and the 
field is still under progress. The present study focused on the influence of the ODT and of 
the GST on the dynamic processes. For this purpose, the dynamics of a disordered sample 
was studied just above the ODT temperature. Four dynamic processes were identified: 
cluster diffusion (long-range heterogeneities), single-chain diffusion, a process related to 
chain stretching and the segmental reorientational dynamics of the polystyrene blocks. 
The same sample was studied in the lamellar state just below the ODT temperature. The 
dynamic processes identified in the disordered state were also observed in measurements 
on another disordered sample in the vicinity of the ODT. With a sample having lower 
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molar mass, a region deeper in the disordered state was studied and the stretching mode 
was observed to disappear at XN N 5, which indicates that the chains became Gaussian. 
In the following sections, the background for the present study and the technique of 
dynamic light scattering will be presented. As the data analysis was not straightforward, 
the methods used will be described in some detail. The results concerning the influence of 
the ODT and of the GST on the dynamics will be discussed. The chapter is an extended 
version of [log]. 
7.1 The dynamic processes in block copolymer systems 
The dynamics of block copolymers have been intensively studied both in solution and 
in the bulk. A recent review is given in [118]. The dynamic processes in disordered 
diblock copolymers in the bulk which have been observed in diblock copolymer systems 
are schematically shown in Fig. 7.1. 
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Figure 7.1: Schematic survey of the dynamic processes in disordered diblock copolymer 
systems as a function of relaxation time. It is indicated which processes are optically 
anisotropic and therefore give rise to depolarized scattering. 
The only dynamic process (‘mode’ in dynamic light scattering jargon) predicted by 
mean-field theory for diblock copolymer systems in the disordered state is the internal 
chain mode (or ‘breathing’ mode) arising from the relative translational motion of the 
centers of msss of the two blocks [119, 1201 (Fig. 7.1). This is the only mode predicted 
for a melt which is monodisperse both as regards composition and overall molar mass. 
On the scale of the inverse light scattering vector (q-’ = 20 - 100 nm), the process is 
local, thus, the relaxation time is predicted to be independent of the scattering vector q 
for small values of q as they are used in dynamic light scattering. The structure factor, 
7.1. THE DYNAMIC PROCESSES IN BLOCK COPOLYMER SYSTEMS 147 
Sr(q), is predicted to be qs-dependent (the notation given in [121] is adopted): 
s&d = +f2(1 - f)2(qRg)2 (7.1) 
where N is the chainlength, zr the segment volume, f the volume fraction of one block 
and R, the overall radius of gyration. As the intensity of this mode is proportional to 
N2 for Gaussian chains (Rs oc N’/s), it vanishes for short chains. This mode does not 
give rise to depolarised scattering (the scattering measured using crossed polarisers which 
arises from the rotation of anisotropic molecules) because it is essentially a translational 
and not a rotational motion of the segments (see below). Experiments on block copolymer 
melts [122, 1231 have shown that this internal mode can only be observed for samples of 
sufficiently high molar mass. As the polymers studied in the present work were of low 
molar mass, we did not expect to observe the internal mode. 
The theory described above has been extended by Semenov to take into account the fact 
that real polymers are heterogeneous in composition, i.e. that there are variations in f from 
chain to chain [14]. This led to the prediction of a second mode (the ‘polydispersity’ mode) 
referred to here as the heterogeneity mode (Fig. 7.1). The heterogeneity of the chains 
leads to additional composition fluctuations in the block copolymer melt which causes 
chain diffusion. The heterogeneity mode is thus related to the self-diffusion coefficient 
of the block copolymer, D,.l Being diffusive, the relaxation rate of this mode, FH, is 
q2-dependent: 
rzz = @fq2, where DH = Ds(l - ZXN(S~)~) (7.2) 
(The notation from [121] is adopted.) D,y is the diffusion coefficient related to the het- 
erogeneity mode. The heterogeneity of the chains is described by the parameter 
where NUJ and N,v are the weight and number averaged chain length and p = Nw/NN 
the polydispersity index. Semenov assumed that the molar mass distributions of the two 
blocks are independent from each other. The intensity of this mode is predicted to be 
independent of q because Rg < q-l for polymers with moderate molar masses (typically 
a few nanometers), but dependent on the overall chainlength, N [IlS]: 
sx(q) = 1 - ZxN(Sf)s 
The amplitude thus vanishes if the heterogeneity goes to zero. This mode is not pre 
dieted to give rise to depolarised scattering because no segment rotations are involved. A 
wealth of experimental evidence has accumulated from dynamic light scattering experi- 
ments demonstrating the existence of the heterogeneity mode in block copolymer melts 
[122, 123, 124, 1251. 
However, the spectrum of relaxation times is often dominated and sometimes almost 
obscured by a very slow diffusive mode of high amplitude which has not been predicted 
‘Self- and mutual difiuion are distinguished. Self-diffusion ocms in one-component system, the oripin 
being thermal movement. The origin of mutual diffusion in a mixture is a concentration gradient. 
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by theory. This mode has the same characteristics as the ‘cluster’ mode described in 
glass-forming liquids [126], in concentrated polymer solutions [127] as well as in melts 
[128, 1291. It is described as due to cluster formation, long-range density fluctuations or 
heterogeneities with a characteristic size in the region of 100 nm (Fig. 7.1). This mode has 
been observed to have a qs-dependent relaxation rate, i.e. it is diffusive. The amplitude 
was found to decrease strongly with Q because the cluster size is comparable with 4-i. In 
addition, the amplitude was observed to be temperature-dependent and to vary strongly 
between different systems. In the system investigated here, this mode is the dominant 
feature under all conditions investigated. However, it is not clarified yet what the origin 
of these heterogeneities on a lengthscale much larger than the radius of gyration of the 
polymers is. We attribute the cluster mode to the finite compressibility of the polymer 
melt. This notion is corroborated by the observation of a rise in scattering intensity 
towards low values of Q in small-angle scattering experiments (Chapters 5.4 and 6) 
A dynamic process known from homopolymer melts is the segmental reorientational 
dynamics (Fig. 7.1) [130]. Segments of the chain backbone or sidegroups move relatively 
to other segments and change their orientation which leads to depolarized scattering. 
The former process (e.g. the o-relaxation) becomes strongly temperaturedependent as 
the glass transition of the polymer is approached: the relaxation time of segmental re- 
orientation increases strongly when approaching the glass transition 11301. The time 
dependent correlation functions observed using dynamic light scattering are much broader 
than singleexponential. Usually, they are represented by a Kohlrausch-Williams-Watts 
(KWW) function 
n(t) = a exp((-t/T)P) (7.5) 
with a stretching exponent p being significantly lower than one. The origin of this partic- 
ular shape of the decay has not been clarified yet, In disordered block copolymer systems, 
the glass transition temperature may be shifted according to the degree of mixing (see 
chapter 3). Depending on the difference of the glass temperatures of the blocks and on 
the amplitude of concentration fluctuations, the distribution of the segmental relaxation 
times has been found to be very broad [13] or bimodal [131, 1321. 
Depolarised DLS has recently allowed identification of an unexpected additional slow 
relaxation process in poly(styrene)-poly(isoprene) [133] and in poly(styrene)-poly(methy1 
phenyl siloxane) 11341. This mode was observed to be close to a single exponential with a q- 
independent relaxation rate and a strongly temperature-dependent amplitude. This mode 
was attributed to stretching and orientation of the copolymer blocks in the disordered 
state close to the ODT where concentration fluctuations are important (Fig. 7.1). 
In the present work, three low molar-mass polystyrenepolybutadiene diblock copoly- 
mers were studied. With the highest molar-mass sample, the ODT temperature was 
accessible (130%), such that the influence of the ODT on the dynamics could be studied. 
The two other samples were studied in the disordered state. With the lowest molar-mass 
sample, a region deep in the disordered state could be studied and the GST could be 
localized at XN N 5. The time-dependent intensity autocorrelation functions of disor- 
dered samples were found to be dominated by a very slow mode which is attributed to 
cluster diffusion. Analysis of the underlying processes was not straightforward. A new 
subtraction technique [135] was used in order to reveal the faster dynamic processes which 
have comparably low amplitudes. The segmental relaxation of the polystyrene blocks is 
observable at the low limit of the time window. The glass temperature of polybutadiene 
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is much lower than the one of polystyrene (Chapter 3), such that the segmental reorien- 
tational dynamics of the polybutadiene block are outside the experimental time window. 
In addition, two intermediate modes could be identified. One mode is mainly related to 
chain orientation and stretching and contributes to the depolarised intensity. The other 
mode is attributed to chain diffusion due to the concentration fluctuations arising from 
the inherent heterogeneity of the blocks. 
7.2 The technique of dynamic light scattering 
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Figure 7.2: Schematic view of the set-up used for dynamic light scattering. 
Static and dynamic light scattering are widely used techniques for studying polymeric sys- 
tems. Several reviews have been published recently; the books of B. Chu [136], P. Lindner 
and Th. Zemb [137], and W. Brown [117] p rovide a survey over the technique and its 
applications. Traditionally, dynamic light scattering has been used for determination of 
the translational diffusion coefficients of macromolecules in dilute solution and thereby 
their hydrodynamic radius (particle sizing). Only recently, more complex systems like 
concentrated polymer solutions, gels, and polymer blends have been studied [117]. 
Whereas in static light scattering the angular dependence of the time-averaged inten- 
sity is monitored and such information about the molar mass and of the shape of the 
solutes is obtained, in dynamic light scattering, the fluctuations of the scattered signal 
I(q,t) with time are monitored. In this way, information is gained about the dynamic 
processes (‘modes’) in the sample. A schematic view of the set-up used in the present 
study is shown in Fig. 7.2. In order to determine the relaxation times, the time-dependent 
autocorrelation function of the fluctuating intensity is calculated. The time range of 
DLS is between few microseconds and 100 seconds. The technique is complementary to 
Fabry-Perot interferometry (Brillouin scattering) where smaller time scales can be studied. 
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Dynamic light scattering is often used together with dielectric spectroscopy and dynamic 
mechanical measurements which also probe the dynamical response and with small-angle 
scattering giving structural information. In what concerns the q-range, the long wave 
length of visible light leads to a q-range of N 0.01 - 0.04 nm-’ which is complementary to 
small-angle X-ray and neutron scattering (- 0.02 - 5 nm-l). 
The theory of light scattering is described in detail in the book of Berne and Pecora 
[138]. We will briefly review the fundamental theory as far as it is necessary for the 
understanding of the results of the present study. Different approaches exist to the theory 
of light scattering. The most important ones are the theory of Rayleigh, Debye and Gans 
who described the scattering of particles that are large compared to the wavelength of 
the incoming beam. However, this approach is only valid for particles having a refractive 
index close to one. Mie considered particles having a refractive index different from one. 
The theory of Einstein and Smoluchowski considers a continuous medium where thermal 
fluctuations lead to local inhomogeneities and thereby to density and/or concentration 
fluctuations (the latter in mixtures). In what concerns the description of dynamic light 
scattering, Pecora showed that the frequency distribution of scattered light is related to 
the diffusion coefficient and to the rotational motions and the flexing of macromolecules. 
In the following, we will briefly depict the theory underlying dynamic light scattering, se 
given in [138]. 
In a dynamic light scattering experiment, a monochromatic, coherent and polarized 
laser beam impinges on the sample. The amplitude of the incident electric field may be 
written as 
I?;(F, t) = ~$?9~exp(i(&. r’- wit)) (7.8) 
with 5; the direction of polarization (usually chosen to be vertical), E, the field amplitude, 
& the wavevector, and wi the angular frequency of the incident beam. In a homodyne 
experiment, as carried out in the present study, only the scattered radiation is detected as 
a function of time at a scattering angle 6’.2 The time-dependent intensity autocorrelation 
function is calculated and used for determination of the relaxation times present in the 
sample. 
The tensor of the dielectric constant in a non-absorbing, isotropic medium can be 
written as a mean value, co, plus local deviations, 6~ [138]: 
E(F, t) = &I + &(F, t) (7.7) 
I is the second-rank unit tensor. The amplitude of the scattered field in a distance R 
from the sample, E,(R, 4; t), is related to the amplitude of fluctuations of the dielectric 
constant by [138] 
.%(R,Ct) = 2 ; exp(i(kiR - w;t))+(4; t) 
0 
where ki is the magnitude of the wavevector of the scattered ray, and where the scattering 
process has been assumed to be elastic (U,J = wi). q’is the scattering vector 
*In heterodyne experiments, the scattered radiation is mixed with the incoming beam making studies 
of slow processes possible [138]. 
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where n = &is the refractive index of the sample and X; the wavelength of the incoming 
beam. In contrast to X-ray scattering where 11 is very close to one, the refractive index 
of many materials is significantly different from one for the wavelengths of light. The last 
term in Eq. 7.8, &;I@ t), is the projection of the Fourier transformed dielectric fluctuation 
tensor onto the directions of polarization c; and cf. These directions are determined by 
the polariser and the analyser (Fig. 7.2). 
&if(4; t) = 7Tj . Sc(& t) .fi; (7.10) 
where 
SE(g; t) = 
J 
” d&xp(iq’. $E(F, t) (7.11) 
is the Fourier transform of &(F, t). The time-dependent autocorrelation function of the 
scattered electric field is given by [138] 
G(t) = (E:(O)&(t)) = “;IEol’ 16X2R2E2 @if (4; O)kf (47 t)) exd-W) (7.12) 
0 
For simplicity, the arguments <and R were dropped. The field correlation function is thus 
related to the correlation function of the fluctuations of the dielectric constant. For very 
short lag times, there is full correlation, and Gr(0) = (E,(0)2). For times much larger than 
the period of fluctuations, the correlation decays and goes to Gi(t) = (Es)’ for infinetely 
long times. The correlation function of the scattered field is normalised according to 
(7.13) 
The scattered intensity is given by [138] 
The intensity is thus proportional to the squared amplitude of the fluctuations of the 
dielectric constant. 
In the present study, two polarisation directions were used: In the polarized geome 
try, ii, and n’f were both vertical. The resulting intensity will be denoted Ivv(4;t). All 
rotational and translational processes give rise to polarised scattering. In the depolar- 
ised geometry, 5; was vertical and iif horizontal. The resulting intensity will be denoted 
Iv~(4; t). Only those dynamic processes which turn the polarisation plane of the incom- 
ing light, give rise to depolarized scattering, e.g. reorientational processes of anisotropic 
segments. Information about the relaxation times is obtained by calculating the autocor- 
relation function of the fluctuating intensity, 
Gz(t) = (I,;(O)kf(t)) (7.15) 
If the scattering amplitude is distributed according to a Gaussian distribution3, Gz(t) is 
related to Gl(t) by the Siegert relation [138] 
(h(t) = (I(0)j2+ lG(t)12 = (W)2(l+ h(t)12) (7.16) 
3Cases where the distribution of the scattering amplitude is not Gaussian are very dilute solutions [138] 
or non-ergo& systems (e.g. gels) [I391 
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In order to account for the geometry of the instrument, the following expression is used: 
G(t) = B(l+ f*lsl(#) (7.17) 
where f* is the coherence factor depending on the size of the apertures, for instance (for 
measurement of f” see below) and where B = (1)’ is the baseline, i.e. the level of the 
time-dependent correlation function for very long times. (At large times, the correlation 
is zero.) A single-exponential decay is shown schematically in Fig. 7.3. 
Figure 7.3: The time-dependent intensity autocorrelation function Gz(t) of a single expo- 
nential decay as a function of time in a semi-logarithmic representation. 7 is the lag time 
where the correlation function has decayed to l/e of its intitid value. 
Scattering of the incoming beam is due to fluctuations in the local dielectric constant 
which, in a binary mixture, is proportional to the amplitude of local concentration fluctu- 
ations, bc(F, t) [138, 1401: 
6c(q;t) N 5% 
( > bc T,P 
w 4 (7.18) 
Here, density fluctuations have been considered negligible compared to concentration fluc- 
tuations. The normalised field correlation function then reads 
Fick’s second law of diffusion describes the time behavior of macroscopic concentration 
fluctuations 
+ t) = DV%c(r; t) (7.20) 
where D is the collective diffusion coefficient of the particles and V2 the Laplace operator 
[140]. If the inverse scattering vector, q-‘, 1s smaller than the size of the diffusing object, 
the collective diffusion of a group of molecules is probed [140]. Inserting the Fourier 
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transform, bc(F, t) = J&7&(6 t)exp(i<. fl, in Eq. 7.20, it can be seen that Sc($ t) = 
Sc(f, 0) exp(-q2Dt) is a solution of the diffusion equation. Then, 
(Jc*(& Wc(C t)) = Wc(C O)l’) ew(-q2Dt) (7.21) 
and the autocorrelation function of the scattered field reads 
n(t) = exp(-q2Dt) (7.22) 
which is a single-exponential process with relaxation rate P = l/r = Dq2. Plotting log(I) 
us. log(q), a slope of two is obtained and the diffusion constant is obtained from the 
intersection with the log(q)- axis, b: D = lob. Using the Stokes-Einstein relation (e.g. [4]), 
where kg denotes Boltzmann’s constant, 7 the viscosity of the medium surrounding the 
diffusing particle, and Rh the hydrodynamic radius. If, on the other hand, the lengthscale 
of the relaxational process is smaller than q-‘, one speaks of local relaxational processes. 
In this case, the time-dependent field correlation function reads 
91(t) = e-t’7 (7.24) 
The corresponding intensity autocorrelation function is shown schematically in Fig. 7.3. 
One should note that light scattering experiments are not the same as relaxation exper- 
iments [138]. In relaxation experiments, a system which, in a first time, is subject to 
constraints, is left free by removing the constraints and relaxes to a new equilibrium. On 
contrary, in light scattering, fluctuations around an equilibrium state are probed. However, 
Onsager predicted that spontaneous fluctuations ‘regress’ back to equilibrium according 
to the same relaxation equations that describe macroscopic relaxation processes [138]. 
To summarize, dynamic light scattering is a technique which allows the determination 
of diffusion coefficients and of relaxation times, arising from density or concentration 
fluctuations. In addition, it is possible to detect optically anisotropic dynamic processes 
by comparison of the depolarized and the polarized intensity. 
7.3 The set-up 
The set-up used for DLS experiments is shown in Fig. 7.2. The light source is a frequency- 
stabilized argon-ion laser (Coherent Innova 300) emitting vertically polarized light at a 
wavelength of 488 nm (single mode), which is in the blue region. The advantage of argon- 
ion lasers is their high power compared to conventional helium-neon lasers. A power of 
300 resp. 500 mW was used in the polarized and in the depolarized geometry, resp., which 
is a factor 6 - 10 higher than the power of a HeNelaser (typically 50 mW). An aperture 
in front of the outlet defines the beam size. The degree of polarization is increased by a 
Glan-Thompson polarizer which transmits only vertically polarized light. The extinction 
coefficient, i.e. the ratio of transmissions of vertically and horizontally polarized light 
is larger than 106. The polarizer consists of two birefrigent calcite crystals cemented 
together and is mounted on a gimbal which allows tilting. The polarizer defines the axis 
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) lilemm”p,e 
Figure 7.4: Schematic cross-sectional view of the sample stage showing the sample cell, 
the heating coil and the thermocouple used for temperature control of the sample. 
of polarization, 6;. The polarized beam is focused by means of a lens such that a spot of 
diameter N 0.5 mm on the sample is illuminated. 
The sample is heated by means of a Philips heating coil wound around the inner part 
of the sample holder. The heating coil is connected to a temperature controller (Fig. 7.4). 
The sample temperature is measured using a thermocouple mounted very close to the 
sample cell. The temperature stability is estimated to be ml’%. In the temperature range 
where measurements were carried out (65 - 160°C), the index matching bath which is 
normally used had to be removed. 4 However, as the rays diffracted by the walls of the 
sample cell are not coherent with the scattered, non-diffracted radiation, they are not 
transmitted by the monomodal fiber used for detection (see below). 
Parts of the detection optics, i.e. an analyzer, a lens and the monomodal fiber are 
mounted on a turntable, such that they can be installed at different scattering angles. 
In order to detect dynamic processes which rotate the plane of polarization of the light 
(e.g. segmental reorientational processes), the scattered radiation is passed through a 
Glan-Thompson polarizer with an extinction coefficient of N lo7 which is installed in the 
vertical (Ivv) or in the horizontal position (IvH). By means of a lens, the scattered 
radiation is focused onto a monomodal fiber having a diameter of 4 pm. The advantage 
of monomodal fibers is that they only transmit coherent light due to their small diameter 
which is comparable to the wavelength of light. This leads to a reduction of the baseline 
compared to conventional pinhole geometries. In this way, values of the intercept f* very 
close to one are obtained, thus significantly higher values than in pinhole geometries. The 
characteristics of monomodal fibers are discussed in detail in [141]. By means of the 
fiber, the coherently scattered light is coupled into the photomultiplier (ITT FW130). 
The output signal is amplified and digitized by an ALV-PM-PD amplifier discriminator. 
Intensity time correlation functions are obtained using an ALV-5000 multibit, multitau full 
digital autocorrelator with 288 channels producing an equidistant spacing of delay times 
4Usually, the sample cuvette is immersed into an index matching bath having a large diameter (- 10 
cm) in order to minimize lens effects at the glass walls of the sample cell. The index matching bath is filled 
with filtered decalin which has approximately the same index of refraction as glass. Decalin degrades at 
- 50% 
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on a logarithmic time axis. The minimum real sampling time is 0.2 ps and the maximum 
N 100 s. The advantage of the ‘logarithmic’ time spacing is the large span of delay 
times measured simultaneously. This is especially important when studying concentrated 
systems, where dynamic processes in a large range of time scales occur. 
7.4 The experiment 
Three low molar-mass samples were studied using dynamic light scattering. Their char- 
acteristics are given in Table 7.1. 
sample ti,v/(g/mol) N T/OC q/Pas 
SB05 9200 156 72 88 
111 4.3 
129 1.9 
135 1.7” 
150 0.89 
SB14 13900 236 110 36 
SBll 18300 310 135 70 
Table 7.1: Characteristics of the samples used for dynamic light scattering studies. Given 
ars the overall stoichjometric molar mass, h;~, the chain length based on the polybuta- 
diene segment volume, N, and the zero-shear viscosity, 7, at different temperatures. (a) 
interpolated between 129 and 150 C. 
In dynamic light scattering experiments, it is crucial that the samples are dust-free. 
As the size of dust particles may be comparable to the wavelength of visible light, they 
scatter strongly and lead to overflows of the correlator. Therefore, great care was taken 
to filter the samples and to clean the sample cells. Dust-free samples were prepared in 
precision-bore NMR tubes (Wilmad Glass Inc., diameter 10 and 12 mm), which were used 
as sample cells. The tubes were cleaned in sulfochromic acid, filtered ethanol or THF using 
0.1 km Anotop filters. Amounts of 0.9 - 2.0 g polysytrene-polybutadiene were dissolved 
in benzene and then filtered directly into the tubes, using the same type of filters. The 
solvent was slowly evaporated under an inert atmosphemat 30 - 60°C for some days. 
Residual traces of benzene were removed by annealing the samples at 120 - 150°C for 
2 days under vacuum. To minimize the risk of cross-linking the polybutadiene-blocks, 
the tubes were thoroughly flushed with nitrogen gas prior to flame-sealing. Size-exclusion 
chromatography was carried out when the measurements were finished and showed that 
no crosslinking had occurred. 
The samples were allowed to equilibrate at the measuring temperature for several hours 
before the measurements. Correlation functions of polystyrene-polybutadiene samples 
were measured for 1 - 4 h in the polarized geometry and for 10 - 12 h in the depolarized 
geometry. In order to establish the q-dependence of the different modes, measurements in 
the polarized geometry were made at several angles between 40 and 150’. Measurements 
in the depolarized geometry were only made at an angle of 90’ es they only served for 
156 CHAPTER 7. DYNAMIC PROCESSES AS OBSERVED WITH DLS 
identification of processes giving rise to depolarised scattering. 
In order to determine the light scattering vector, 4 = 47rn/X sin(0/2), knowledge of the 
refractive index of the polystyrene-polybutadiene samples is prerequisite. The refractive 
index of polystyrene-polybutadiene is given by [34] 
n=wsws+(1--PS)~PB (7.25) 
zups = 0.55 is the weight fraction of polystyrene (Chapter 3). lzps and np~ are the 
refractive indices of polystyrene and polybutadiene, respectively. The following values 
were used: ltps = 1.59 and npg = 1.518 at 20°C [34]. Thermal expansion was taken into 
account using [34] 
dn dr = (y (n2 + %n2 - 1) 
6n 
(7.26) 
where LY denotes the coefficient of thermal expansion. (Y = 2.52 x 10m4K-l was used 
for polystyrene below 90° and cy = 5.76 x 10m4K-l above [34]. For polybutadiene, cy = 
7.5 x 10-4K-’ was used [34]. At temperatures between 100 and 120°C, n = 1.52 was 
found and n = 1.50 at 135’C. As a large part of the measurements was carried out at 
llO”C, the value of 1.52 was used throughout. 
Figure 7.5: Left figure: Correlation function of a dilute solution of polystyrene in ethyl- 
acetate at 2z”C. The circles are experimental points and the line is a fit using REPES. 
Right figure: The corresponding distribution function as determined with REPES. 
For determination of the short-time intercept, f*, a sample was chosen where dynamic 
processes having relaxation times shorter than N 10m6 s are known to be negligible in 
amplitude, nearly the whole decay being represented in the experimental time window. 
Dilute polymer solutions, where the dominant decay is due to coil diffusion, meet these 
requirements. Segmental orientational relaxation processes are known to be too fast to 
be detected and are negligible in amplitude in the polarised experiment compared to 
the diffusional mode. In principle, gr” (t) - 1 should thus go to one for short lag times. 
Deviations are attributed to instrumental resolution effects. In this study, a dilute solution 
of high molar-mass polystyrene (M = 5 x lo6 g/mol) in ethylacetate was used. The 
difference in refractive index of polystyrene and ethylacetate is relatively high (an = 0.22 
[34, 142]), ensuring good contrast. Measurements were made at 90” at 22°C without an 
index matching bath. The distribution of relaxation times as determined using REPES 
7.5. DATA ANALYSIS 157 
(see below) displays a dominant peak at (r II 1O-4 s) which is attributed to coil diffusion. 
In addition, there is a small contribution at r 21 10m5 s which might be due to internal 
relaxation processes of the chain. Using REPES ( see below), the intercept was found to 
be f* = 0.957 i 0.003 which was used for data analysis throughout the study. 
0 
T 0 0 0 0 0 
2: 18.5 0 0 
0 
0 
h 
Figure 7.6: Viscosity ofsample SBll at 150°C as measured in a cone-and-plate geometry. 
For calculation of hydrodynamic radii, RJ,, knowledge of the zero-shear viscosity of 
the polystyrene-polybutadiene samples, 7, i.e. the viscosity at vanishing shear rate, was 
necessary (Eq. 7.23). Zero-shear viscosities were determined in a Rheometrics RMS-800 
rheometer (Chapter 3) operated in the cone-plate geometry (diameter 25 mm) and apply- 
ing simple shear. At each temperature, the shear rate was varied between 1 and 100 s-r. 
A typical curve is shown in Fig. 7.6. At high shear rates, the viscosity decreased indicat- 
ing non-Newtonian behavior. The values obtained from averaging data at low shear rates 
are given in Table 7.1. The zero-shear viscosity was found to be strongly temperature- 
dependent. 
7.5 Data analysis 
Methods for analysis of dynamic light scattering data have recently been reviewed [139]. 
The quantity measured in a dynamic light scattering experiment, as described above, is the 
timedependent intensity autocorrelation function, gs(t), from which the time-dependent 
autocorrelation function of the scattered electric field is deduced using Eq. 7.17: 
n(t) = &iizFF (7.27) 
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Many dynamic processes are single-exponential (Eqs. 7.22 and 7.24), such that n(t) = 
exp(-t/r) where 7 is the relaxation time found at a given scattering vector. However, 
complex systems (such as block copolymer melts) are known to exhibit distributions of 
relaxation times, A(r), such that the field correlation function is given by the Laplace 
transform of the distribution 
s1P) = / 
&A(r) exp(-t/7) (7.28) 
= 
J 
d(ln(r)) rA(-r) exp(-t/r) (7.29) 
The so-called ‘equal-area representation’ rA(r) us. log(r) is convenient when using a log- 
arithmic time axis. In this way, the ratio of peak areas in a plot of TA(T) vs. log(T) is 
the same as in the representation A(r) us. 7 [139]. As the inversion of the Laplace trans- 
formation is ill-conditioned, sophisticated numerical methods are necessary to determine 
the distribution functions. Due to noise, there is no unique solution for the distribution 
function, i.e. different distribution functions can lead to an equally good fit. Thus, in 
many approaches, a priori information is used, e.g. the shape of the distribution or the 
non-negativity constraint A(r) > 0 [139]. In the present study, two methods were used: 
a simultaneous fit of two Kohlrausch-Williams-Watts (KWW) functions and the routine 
REPES (Regularized Positive Exponential Sum). Both routines were implemented in the 
program GENDIST (General Distribution) which was developed by the Uppsala group 
[143]. 
The KWW-function which is also called a ‘stretched exponential’ has the following 
form 
a@) = a, + aexp((-tlr)P) (7.30) 
Fitting parameters are the relaxation time T, the exponent p, the amplitude a, and the 
baseline a,. The smaller p, the broader is the decay. If p = 1, the decay is single- 
exponential. No analytic form of the inverse Laplace transform of the KWW-function 
exists except in the single-exponential case. The expression is often used for describing 
the correlation functions due to the segmental reorientational dynamics of polymers, where 
p has been found to be significantly lower than one (e.g. [130, 1441). In this study, a fitting 
routine was used where up to two KWW-functions were fitted simultaneously to the field 
correlation function, sl(t): 
571(t) = a, + 01 ~xp((-~/n)P’ + ~2exp((-t/n)Pz 
which constitutes a fit with seven parameters. 
(7.31) 
REPES [145] is a grid method where the only constraint is the non-negativity of the 
distribution. No assumptions are made about the shape of the distribution. REPES 
has formal similarities to CONTIN [146]. A grid which is equidistant on a logarithmic 
time scale, log(ri), i = 1,. . ., N is selected and the solution is set up in a discrete form. 
The result of the fit to the correlation curve are the amplitudes at the grid points, a(ri), 
i = 1,. . ., N. The number of independent fitting parameters is thus N, which may be a 
large number: One typically uses 4 - 10 points/decade in lag time and performs a fit over 
up to 10 decades, which gives 40 - 100 amplitude values that are iterated simultaneously. 
In order to avoid solutions consisting of many sharp peaks which might be unphysical, a 
Lagrange operator is used when minimising the difference between data points and fitting 
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curve. By means of this Lagrange operator, high second derivatives of the distribution 
function are penalized. The degree of penalization is related to a smoothing parameter 
(‘probability to reject’), which the user may vary in order to acquire the desired degree of 
smoothness of the distribution function. It has been found that the values of the relaxation 
times depend only little on the degree of smoothing, unless the number of peaks changes 
upon smoothing [139]. In contrast, the peak width is very dependent on the degree of 
smoothing and is therefore not used for further analysis. The routine REPES fits directly 
to the intensity correlation function, gz(t). This is different in CONTIN, where gi(t) 
is extracted from the measured data, gs(t), and used for fitting. Using gz(t) directly 
has the advantage of avoiding calculation of the square root (which may lead to a poor 
determination of the baseline [139]), but requires non-linear fitting: 
a(t) - l= f (/4144) 744 exd-44) 2 (7.32) 
Using REPES, one can vary the fitting range, the number of grid points per decade and 
the probability to reject, i.e. the smoothness of the distribution. 
In the present study of block copolymer melts, a slow mode with a very high ampli- 
tude (typically > 95%) was present, which made the analysis of the other modes having 
comparably low amplitudes impossible with standard techniques. It was not possible to 
perform a reasonable fit to the whole correlation function in one run, which was the rea- 
son for using a newly developed subtraction routine [135]. Subtraction of single modes 
was carried out as follows: A fit to the whole correlation function was carried out using 
REPES. Then, the data points as well as the fitting curve were converted to gi(t)-values. 
The fit gl(t) reads 
a(t) = C ai exp(-t/T;;) 
I 
(7.33) 
In order to subtract a single decay, akexp(--t/rk), its amplitude was calculated from 
the area under a histogram bar in the graph TA(T) vs. log(r). Then, the quantity 
a~+ exp(--t/TA) was subtracted from each gr(t)-value. The such obtained gi(t)-values were 
then converted to gs(t)-values using the Siegert relation (Eq. 7.17). The remaining curve 
was then treated as usually. 
Alternatively, the routine allowed subtraction of a single fitted KWW-function, 
ai exp((--t/r@) from each gr(t)-value. After subtraction, the remaining gr(t)-values 
were converted to g*(t)-values and could be treated further. 
As will be established below, four modes contributed to the correlation function. Our 
aim was to characterize each mode by its relaxation time, ri, its KWW-exponent, pi, 
and its relative amplitude, a;. The index i increases from 1 to 4 from the slowest to the 
fastest mode. For illustration of the subtraction procedure, the correlation function of 
sample SBll at 135OC (in the disordered state) measured in the polarized geometry is 
shown in Fig. 7.7a. We will first describe the subtraction procedure and then comment 
on the difficulties encountered. First, a single KWW-function was fitted to the slowest 
mode (i = 1) such determining ri and pr. Our experience was that subtraction of this 
KWW-function often lead to a poorly determined baseline after subtraction. Therefore, 
the whole correlation curve was analyzed using REPES, leading to a sharp and dominant 
peak at long relaxation times (- 100 s) together with components of very low intensity 
(Fig. 7.7b). This fit gave the relative intensity of the slow mode, al. This slow component 
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Figure 7.7: Left side: Correlation functions of%311 at 135°C in the polarized geometry at 
an angle of 600. Right side: The corresponding distribution functions found using REPES. 
(a) Correlation function before subtraction. For clarity, only every fourth point is show. 
The line is a fit of a KWW function to the slow mode. (b) Corresponding distribution 
function. (c) Correlation function after subtraction of the slow mode (1) (see text). The 
line is a fit using R.EPE$. Every fourth point is shown. (d) Corresponding distribution 
function. 
was subtracted as described above which gave the correlation function shown in Fig. 7.7~. 
Analysis of this curve was not straightforward. First, it was interpreted as consisting of 
two modes, which did not give consistent results (see below). However, analyzing the 
curve using REPES showed that three components were present, labelled 2, 3 and 4 in 
Fig. 7.7d. It should be noted that REPES has a tendency to split broad peaks up into 
several components [145] (as is the case with mode 4), especially when there is a sharp peak 
adjacent to the broad distribution. We thus interpreted the distribution to consist of 3 
modes. In order to analyze mode 2 and 3 in detail, the fast component (4) was subtracted 
(Fig. 7.8a). A fit of a double KWW-function to the remaining correlation curve gave 
the relaxation times rz and ~3, the KWW-exponents pz and Ps, and the amplitude ratio 
~/(a2 + as). The corresponding distribution function is shown in Fig. 7.8b. In order 
to characterize the fastest mode (4), the distribution determined using REPES shown in 
Fig. 7.7d was used and modes 2 and 3 were subtracted. The remaining correlation function 
is shown in Fig. 7.8~. A REPES-analysis gave a broad peak characteristic for segmental 
reorientation processes (Fig. 7.8d). Fitting a single KWW-function to this decay, r4 and 
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Figure 7.8: Further treatment of the correlation function from Fig. 7.7. [a) Correlation 
function after subtraction of mode 4 from the curve shown in Fig. 7.7~. The line is a 
fit of a double KWW-function. (6) Corresponding distribution function. (c) Correlation 
function after subtraction of the modes 2 and 3 from the curve shown in Fig. 7.7~. The 
line is a fit of a single KWW-function. (d) Corresponding distribution function. 
p4 were determined. However, as this mode was only partially represented in the time 
range accessible, 74 and p4 could not be determined precisely. 
Analysis of the present kind of correlation functions was not straightforward for dif- 
ferent reasons. The slow mode could in many cases not be fitted in a satisfactory way 
using REPES. It was found to decay steeper than singleexponential. For instance, the 
KWW-exponent of the correlation curve shown in Fig. 7.7a was found to be & = 1.2, thus 
substantially higher than 1.0. The fit of a double KWW-function to a part of the cor- 
relation function from sample SBll at 135’C is shown together with a fit using REPES 
in Fig. 7.9. In both cases, datapoints up to log(r/s) = 1.6 were used. The fit using 
REPES deviates from the experimental data. The reason for this phenomenon could not 
be established yet. As the relaxation times of the slow mode are at the long-time limit of 
the correlator (7 N 100 s), it might be that the statistics are not good enough, in spite 
of measuring times of several hours. It is not clear if there is a physical reason for a 
relaxation process decaying faster than single-exponential. In order to get a well-defined 
baseline after subtraction, only the uppermost points of the slow mode (in this case up to 
log(T/s) N 0.44) were used for fits with REPES (the full line in Fig. 7.9). The amplitude 
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Figure 7.9: Correlation function ofsample SBII at I35OCat an angle of 60’ in the polarised 
geometry. For clarity, only every fourth datapoint is shown. The dotted line is the fit of a 
double KWW-function and the broken line a fit using RJZPES. In both cases aJJ datapoints 
up to log(t/s) = 1.6 were used. The full line is a fit using REPES using the points up to 
log(t/s) = 0.44 as indicated by the arrow. 
of the slow mode was then taken as the baseline (here N 0.62) plus the amplitude of the 
decay given by the program (here N 0.23). 
Another problem was the large difference in amplitudes of the four modes which made 
it difficult to establish the q-dependence of the relaxation times of the faster modes (2, 3 
and 4) reliably. In a first approach, the two middle modes (2 and 3) were treated as being 
one mode. A fit of a double KWW-function to this middle and to the fast mode after 
subtraction of the slow mode is shown in Fig. 7.10. It can be seen that the fit deviates 
slightly from the experimental data. The middle mode identified in this way was found 
to be approximately diffusive, but it had an average KWW-exponent of 0.5 - 0.6, which 
is considered contradictory. Using REPES, it became clear that this mode is a composite 
(Figs. 7.7d and 7.8b). 
In order to calculate the amplitudes al, . , ad, the following procedure was applied. 
From the initial analysis with REPES: the amplitudes Al and A4 of the slow and the fast 
mode and the baseline B were used. The normalization was such that xi Ai + B = 1. 
Then, the amplitude of mode 1 was set to or = Al + B (Fig. 7.9) and the amplitude of 
the fastest mode to a4 = Aq. After subtraction of the slow and the fast mode, the two 
middle modes (2, 3) were analysed with better precision using a double KWW function. 
This fit gave the fraction of mode 2, fi = as/(as + us). The amplitudes of modes 2 and 
3 were then calculated using as = [1 - (al + ah)] f s and as = [l - (al + q)](l - fi). The 
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Figure 7.10: Correlation function of SBll at 135’C at an angle of @PC after subtraction 
of the slow mode. For clarity, only every fourth point is shown. The line is a fit ofa double 
KWW-function to data in the time range shown. 
amplitudes or,. . . , ~4 were multiplied with the total scattering intensity, I, and with sin 0 
in order to correct for the change of scattering volume with scattering angle, 6’: 
Ii = ail sin 8, i=1,...,4 (7.34) 
7.6 The dynamics in the vicinity of the ODT 
In order to study the influence of the ODT on the dynamics of block copolymer systems, 
a sample having an accessible ODT temperature was studied: Sample SBll (N = 310) 
which has an ODT at 130°C. Measurements were made at 125 and at 135OC. First, the 
dynamic processes identified at 135°C are described and then their behavior in the ordered 
state. Results from a sample having an intermediate molar mass (SB14, N = 236), which 
was studied in the disordered state close to the ODT, are presented. They corroborate 
the findings with sample SBll at 135’C. 
7.6.1 Sample SBll (N=310) just above the ODT temperature 
The correlation function of sample SBll at 135°C at an angle of 60” is shown in Fig. 7.7a. 
The value of the correlation function at the short time limit is less than one, which is 
reasonable, since the segmental relaxation is only partially represented in the time window. 
As will be established below, the polarised and depolarized scattering in the time range 
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faster than about 1 ms reflects the segmental orientational dynamics of the styrene-rich 
domains. The correlogram is dominated by a slow relaxation mode. Use of conventional 
analysis methods would preclude a meaningful separation of the remaining components 
due to their low amplitude. However, the subtraction routine described above made it 
possible to isolate these modes. It is clear that recovery of low amplitude components 
from a correlogram dominated by a high amplitude decay in this way has its limitations. 
On the other hand, subtracting the dominant mode was the only possibility for analyzing 
the data. In the way described in the previous section, the relaxation rates ri = TV:‘, 
i = 1,. ,4, the KWW-exponents, pi, and the intensities, 1i = a&v sin 0, of the four 
modes were determined for angles 8 between 40 and 140’. The results are presented as a 
function of scattering vector in Fig. 7.12. The diffusion coefficients and relaxation times 
together with the amplitude ration of modes 2 and 3 are given in Table 7.2. 
sample N T/‘C XN / Dl/(m’/s) Dz/(m’/s) rs/ms ~/ps a3/(a2 +a3)’ 1 
SB05 156 70 6.9 1.2 x lo-l7 5.7 x lo-l5 (b) N 41 0.2 
110 5.9 4.8 x 10-1s 1.3 x 10-13 1.1 ;; 0.1 
135 5.4 2.4 x lo-l5 4.0 x lo-l3 0.55 0.02 
SB14 236 90 9.7 1.8 x lo-l7 1.2 x lo-l4 4.3 22 0.4 
110 8.9 1.4 x lo-l6 5.8 x lo-l4 1.1 6.2 0.3 
130 8.3 8.0 x lo-l6 3.7 x lo--l3 0.49 6.0 0.04 
SBll 310 125 11.1 W 7.6 x 10~‘~ 1.7 5.7 0.1 
135 10.5 4.7 x lo-l7 2.3 x lo-l4 5.7 6.4, 0.3 
Table 7.2: Relaxational characteristics of the samples at different temperatures. N denotes 
the chain length, T the temperature, x the Flory-Huggins segment-segment interaction 
parameter, D1 and D2 the diffusion coefficients of mode 1 and 2, 7s and 74 the reZaxa.tion 
times ofmode 3 and 4, and a2 and as the amplitudes ofmode 2 and 3. The XN-parameters 
were derived using mean-field theory. (see Chapter 3). (a) from a fit of a double KWW- 
function, (b) determination not possible. 
The slowest mode (1) gives a sharp peak in the distribution function (Fig. 7.7b). The 
decay is close to singleexponential, but, as discussed above, fits of a KWW-function gave 
stretching exponents larger than one. It could not be established yet if this feature has a 
physical origin. As the process is at the upper limit of the correlator (- 100 s), we had 
no means tho study this effect in detail. The polar&d intensity of this mode, which was 
determined as described in the previous section, decreases with rising q (Fig. 7.12). Plots 
of the inverse total polarised intensity ZIS. q2 are often used to determine the radius of 
gyration (e.g. [147]). The ratio of the slope to the intercept gives 
slope 16?r2n2 z--.-g 
intercept 3X2 
(7.35) 
However, the intercept obtained with sample SBll at 135°C was found to be negative, 
making a determination of R, impossible. The reason of thii behavior is still unclear. The 
cluster mode does not give rise to significant depolarized scattering (Fig. 7.11). 
In order to determine the hydrodynamic radius, Rh, it was assumed that the Stokes- 
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Figure 7.11: Correlation function ofsample SBll at 135°C at 900 measured in the depo 
larized geometry. 
Einstein equation (Eq. 7.23) can be applied in the melt. The diffusion coefficient, D, 
is given by F = Dq2. The relaxation rates as found by fitting a KWW-function to the 
cluster mode were plotted us. q in a log-log-representation (Fig. 7.12). A line having a 
slope of two was fitted and the diffusion coefficient was determined from the intercept. 
As can be seen from the figure, the slope of two fits the data. However, the data scatter 
which is due to the problems in fitting this mode (see above). The diffusion coefficient 
of mode 1 was found to be D1 = (4.7i 0.3) x lo-r7 m2/s (Table 7.2). In conjunction 
with the measured macroscopic zeroshear viscosity (9 = 70 Pas at 135”C, Table 7.1), 
the hydrodynamic radius Hh was estimated to 90 nm. This value is much larger than 
the radius of gyration (Rg = 4.9 nm) which was determined from the peak position in 
the SAXS-spectrum (Chapter 5.4). This means that many chains are involved in cluster 
diffusion (Fig. 7.1). The hydrodynamic radius of the clusters decreases with temperature 
from 90 nm at 135°C to N 50 nm at 140 - 16OOC. The relative amplitude of the cluster 
mode in the correlation function remains approximately constant (90 - 96%) between 135 
and 160°C. 
As described above, a very slow relaxation of high relative intensity which increases 
strongly as Q decreases, and with a relaxation time exceeding 1 s is an important feature of 
all systems described in the copolymer literature. Clusters have been observed in various 
diblock copolymer melts [122,123, 124, 1471 with values for Hh 21 50- 100 nm. A dominant 
amplitude may not always be characteristic of the cluster mode in block copolymer systems 
above the ODT temperature, as it is for the present system. For the systems poly(ethy1 
methyl siloxane)-poly(dimethy1 siloxane) [122, 1231 and poly(styrene)-poly(methy1 phenyl 
siloxane) [124] above the ODT temperature, the relative amplitude of the cluster peak 
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Figure 7.12: Results from sample SBll at 135°C. Upper figure: Relaxation rates r of 
modes 1 - 4 as a function of scattering vector, q, in a log-log-representation. (+) mode 
1, (o) mode 2, (A) mode 3, (x) mode 4. Filled symbols are from measurements in the 
depolarized geometry. Middle figure: KWW-exponents p of the four modes as a function 
of scattering vector. Same symbols as above. Lines are fits of constants. Lower figure: 
Total intensity and the intensities of the four modes as a function of scattering vector in 
a log-log-representation. (01 total intensity, the other symbols as above. 
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was found to decrease at higher temperature and eventually disappear. The difference 
between these polymers and our samples is that polystyrene-polybutadiene has a higher 
glass temperature and a higher Flory-Huggins segment-segment interaction parameter. 
There is as yet no general explanation for cluster formation. The phenomenon may be 
related to the rise of the intensity in small-angle scattering spectra at low values of the 
scattering vector, which was attributed to the finite compressibility (Chapter 5.4 and 6). 
Subtraction of the cluster mode, as described above, results in the correlogram in 
Fig. 7.7~. The distribution function as obtained using REPES (Fig. 7.7d) showed clearly 
three modes, two of them being sharp (2 and 3) and the slowest one (4) broad. Fig. 7.13 
(upper figure) shows the correlograms in the depolarised and in the polarised geometry 
(mode 1 being subtracted). Additional subtraction of the fast mode leads to the curves in 
the middle figure. The corresponding distribution function is shown in the lower figure. 
Modes 2 and 3 are seen in the correlation curve measured in the polarised geometry. Mode 
2 is absent in the curve measured in the depolarised geometry. Mode 3 which gives rise to 
depolarised scattering is close to single exponential and is close to the the peak labelled 
(3) in the distribution function measured in the polarized geometry. This behavior is 
also observed in the data on another sample, SB14 (see below). Fitting a single KWW- 
function to the depolarized signal (Fig. 7.13), middle figure) gives a relaxation time of 9.1 
ms and a KWW exponent p = 0.8 for mode 3. The observed splitting of the composi- 
tional fluctuation mode into two parts is important for an understanding of the copolymer 
dynamics. Fig. 7.12 shows the relaxation rates, KWW-exponents and intensities as a 
function of the scattering vector. Although the scatter in relaxation rates is large due to 
the low amplitudes of modes 2 - 4, it is concluded that the relaxation rate for mode 2 is 
qs-dependent (i.e. diffusive), whereas for mode 3 it is q-independent. The corresponding 
diffusion coefficient for mode 2 is Ds = 2.3 x lo-r4 m’/s. An average value for p of mode 
2 is 1.0 f 0.1. The intensity of mode 2 is q-independent within experimental uncertainty. 
It is considered most probable that the diffusive relaxation (mode 2) corresponds to the 
heterogeneity mode which is one of the main modes anticipated for a block copolymer 
melt (Fig. 7.1). The corresponding diffusion coefficient should thus be very similar to the 
self-diffusion coefficient for the copolymer chain [123]. Using the Stokes-Einstein equa- 
tion, which has been commonly done (e.g. [122]), the dynamic correlation length can be 
estimated from the diffusion coefficient. This quantity should provide a measure of the 
range of the hydrodynamic interactions in the system. Using the measured zero-shear 
viscosity at this temperature, n = 70 Pas, a correlation length E = 0.16 nm is found. 
This value is unphysically small. The reason could be that the local viscosity experienced 
by the diffusing polymer is different from the macroscopic viscosity, as the viscosities of 
polystyrene and polybutadiene are very different. As concentration fluctuations persist 
close to the ODT [ZO], the friction experienced by each of the blocks may be substantially 
lower than expected from the macroscopic viscosity. The macroscopically measured value 
of 70 Pas is thus higher than the local viscosity experienced by a single diffusing chain, 
because friction between chemically different segments contributes to the macroscopic vi- 
sosity. Therefore, the value for the correlation length is too low. (Note: the macroscopic 
viscosity could be used successfully for the determination of the hydrodynamic radius of 
the cluster mode, because the clusters experience a much larger volume than a single, dif- 
fusing copolymer molecule.) The intensity of the heterogeneity mode (mode 2) is expected 
to be angle-independent as is observed (although the data scatter) because He < q-’ in 
the light scattering experiment. 
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Figure 7.13: Upper figure: Comparison of correlation functions of sample SBJI at 135OC 
measured at an angle of 900 in the polarised [o, left axis) and depolarised geometry (A, 
right axis). The cluster mode was subtracted. For clarity, only every second point is 
shown. Lines are fits using REPES. Middle figure: Correlation functions from the upper 
figure with the fast mode (4) subtracted. Same symbols as above. Lines are fits of a double 
KWW-function to the polarised signal and of a single KWW-function to the depolarised 
sJgnaJ. Lower figure: Distribution functions corresponding to the correlation functions 
shown in the middle figure. 
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Mode 3 has a q-independent relaxation rate (~3 = 5.7 ms), a q-independent intensity 
and a narrow distribution of relaxation times, with a KWW-exponent of approximately 
unity (Fig. 7.12). This mode is also observed in the depolarised geometry as a slower relax- 
ation than that characterising the segmental dynamics (Fig. 7.13). Fig. 7.12 includes data 
from depolarized experiments (the filled points). Several fundamental relaxation processes 
are possible for a chain in a fluctuating compositional field (concentration fluctuations on 
the length scale of Rg): The internal mode or processes related to chain orientation and 
stretching. The internal mode corresponds to the relative translational motion of the cen- 
ters of mass of the two blocks (Fig. 7.1) and should not give rise to depolarized scattering 
11231. It has been found not to have significant amplitude for polymers having low molar 
mass [118, 122, 1231. Comparing the amplitude of the internal mode (Eq. 7.1) with the 
amplitude of the heterogeneity mode (Eq. 7.2), the ratio of amplitudes SI/SH is found to 
be 0.05 for SBll at 135°C at a scattering angle of 90’ (p = 1.05 and R, = 4.9 nm, Chapter 
5.4). Thus, it might be that mode 3 is partly due to the internal mode, i.e. breathing 
around a stretched equilibrium configuration. This process, however, does not give rise 
to depolarised scattering, although could contribute to the polarised signal. A process 
related to orientation and stretching has been observed by Hoffmann et al. [133] in depo- 
larised DLS measurements on disordered poly(styrene)-poly(isoprene) diblock copolymer 
melts. Close to the ODT, the depolarised spectrum was found to become bimodal. The 
faster component had p = 0.2 and derived from the segmental relaxation. The slower 
relaxation, which was single-exponential, was attributed to orientation and stretching of 
the copolymer chains in the vicinity of the ODT. Upon heating, the slow depolarised mode 
disappeared gradually, meaning that the chains become Gaussian as composition fluctu- 
ations loose amplitude. Jian et al. [134] also reported depolarised DLS experiments on a 
poly(styrene)- poly(isoprene) and on a poly(styrene)-poly(methyl phenyl siloxane) diblock 
copolymer melt. These authors similarly concluded that a slow depolarised component of 
narrow distribution derives from orientation and stretching of the copolymer chains in the 
disordered state near the ODT. Another possible process could be rotation of the stretched 
chain as a whole. The chain remains stretched but its orientation changes with time. This 
process could be responsible for the depolarised scattering observed in our experiments. 
We conclude that the relaxation process seen in our correlation curves, at least partly, is 
related to chain stretching due to concentration fluctuations in the disordered state close 
to the ODT. In the following, we refer to this mode as ‘stretching mode’. 
Mode 4 isolated as described above by subtracting the contributions of modes l-3 from 
the correlogram, is depicted in Fig. 7.8~ and d. This mode is only partially represented 
in the time window for SBll at 135°C. The average relaxation time (r4 = 6.4 ps) and 
the KWW-exponent were obtained by fitting a single KWW-function to the decay. It 
is typically very broad (p = 0.3), a value which may be compared with p = 0.39 for 
segmental relaxation in the homopolymer polystyrene [144]. As anticipated for a segmental 
relaxation, the relaxation rate is q-independent, as is also the corresponding intensity 
shown in Fig. 7.12. The segmental relaxation times depend strongly on the distance from 
the glass temperature and thus, at 135%, the segmental relaxation of the polystyrene 
blocks (Tg N 9O’C) is slower than the segmental relaxation of the polybutadiene blocks, 
since polybutadiene has a very low glass temperature (- -80°C). Therefore, the process 
seen at the fast end of the time scale probably corresponds to the segmental relaxation of 
polystyrene. There may be an additional broadening of the polystyrene segmental mode 
due to mixing with the softer polybutadiene component (as suggested in [132]). The 
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temperature dependence of the segmental mode could not be reliably determined because 
only a small part of the decay is in the experimental time window. 
To summarise, four dynamic processes have been identified with sample SBll in the 
disordered state in the vicinity of the ODT (at 135’C). At the slow end of the time scale 
studied, the cluster mode which had a dominant amplitude, is observed. The clusters 
are found to have a hydrodynamic radius of 90 nm, thus much larger than the radius of 
gyration of the polymers. The other three modes could only be analysed using a new sub- 
traction routine [135]. In this way, a mode related to diffusion of single chains is observed, 
which is due to heterogeneity in polymer composition. As the heterogeneity mode is very 
low in intensity and adjacent to the cluster mode, the q-dependence of the relaxation 
rate could not be established undoubtedly. However, as the decay was single-exponential, 
the polarized intensity is approximately constant, and as this mode does not give rise to 
depolarised scattering, we attribute it as due to single-chain diffusion. A nearly single- 
exponential mode having a q-independent relaxation rate and approximately constant 
intensity is attributed to a combination of ‘breathing’ and stretching. This mode gives 
rise to depolarized scattering which leads us to conclude that the chains are streched and 
oriented, which fits to the picture of concentration fluctuations in the vicinity of the ODT. 
The fastest mode observed is very broad (p = 0.3) and has a q-independent relaxation 
rate and intensity. The mode is observed in the depolarised geometry. It is concluded that 
this mode is due to the segmental reorientational dynamics of the polystyrene segments. 
However, as only part of the decay is in the experimental time window, its characteristics 
could not be elaborated in detail. 
7.6.2 Sample SBll (N=310) just below the ODT temperature 
Sample SBll was also studied at 125’C, i.e. in the lamellar state, in order to establish 
how the dynamic processes identified in the disordered state behaved. The analysis of the 
correlation curves was not straightforward which, in part, was due to the proximity of the 
glass transition of the polystyrene block (- 90%‘). The relaxation times of segmental re- 
orientation increase strongly when approaching the glass transition which leads to overlap 
with mode 3. For these reasons, analysis of correlation curves measured below 125OC did 
not give a consistent picture. We will therefore only present results from 125°C. 
Experiments in both the polarized and depolarized geometries were made. A typical 
correlogram is shown in Fig. 7.14. One of the main differences between the correlation 
functions below the ODT temperature and those above is the shift of mode 1 to much 
slower relaxation times (- lo3 s). This behavior may have different origins: (1) the 
clusters (long-range heterogeneities) persist in the ordered state, the phenomenon is thus 
not related to the block copolymer nature of the samples; (2) mode 1 corresponds to 
diffusion of lamellar grains in the ordered state or (3) mode 1 corresponds to diffusion of 
domains rich in one type of segments. The third possibility has recently been proposed 
[147]. In this work, mode 1 was not studied further because it was too slow. 
After a first iit with REPES to the whole curve (no smoothing was applied), contribu- 
tions slower than 1 s and faster than 1 ms were subtracted (Fig. 7.14). The choice of these 
values was somewhat arbitrary because the peaks obtained in the distribution function 
were not clearly separated, as was the case in the disordered state. 
7.6. THE DYNAMICS IN THE VICINITY OF THE ODT 171 
Figure 7.14: Left figure: Correlation function of sample SBll at 125’C measured in the 
polarised geometry at an angle of 70”. For clarity, onJy every fifth point is shown. The 
line is a fit using JZEPES. Right figure: Corresponding distribution function as obtained 
with REPES. The curve is not smoothed. Arrows indicate the time window chosen for 
further analysis. 
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Figure 7.15: Left figure: Correlation functions of sample SBll measured at 125’C at an 
angle of 90” with the dew and the fast mode subtracted (see text). (o) polarized geometry, 
left axis, (A) depolarized geometry, right axis. For clarity, only every fourth datapoint is 
shown. Lines are fits of double KWW-functions. Right figure: Corresponding distribution 
functions as obtained with REPES. 
The result can be seen in Fig. 7.15 where the polarized and the depolarized correlation 
functions are compared. As can be seen from the distribution functions of these curves, 
both modes 2 and 3 are present in the polarized as well as in the depolarized correlograms. 
Two explanations for this behavior are possible. The first is related to the birefringence 
observed in the lamellar, polycrystalline state [148] which is due to the optical anisotropy of 
the lamellar structure, the refractive index being different parallel and perpendicular to the 
lamellar interface [149]. Even for polycrystalline samples where the grains are randomly 
oriented, birefringence could be observed. Birefringence may thus be the reason why all 
modes give rise to depolarized scattering in the ordered state. An alternative explanation 
is that the chains are stretched perpendicular to the lamellar interface and preferably 
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diffuse along the interface. This type of translation has been established with low moiar- 
mass, only weakly entangled diblock copolymers using field gradient NMR [150] and forced 
Rayieigh scattering on macroscopically oriented dibiock copolymer specimens [15]. In this 
case, mode 3 would be related to chain stretching as found above the ODT. Thus, modes 2 
and 3 together would reflect the lam&r structure and the resulting anisotropy. As above 
the ODT, segmental reorientational dynamics are observed at a time scale of microseconds. 
Figure 7.16: Left figure: Relaxation rates of modes 2 - 4 as a function of scattering vector 
of sample SBll at 125°C in a log-log-representation. (o) Mode 2, (A) mode 3, (x) mode 
4. Filled symbols are from measurements in the depolarized geometry. Full lines are fits of 
constants, the broken line is a fit of a line with slope two. Right figure: KWW-exponents 
of modes 2 - 4 as a function of scattering vector. Same symbols as in the left figure. Lines 
are fits of constants. 
Fig. 7.16 shows the relaxation rates and the KWW-exponents of modes 2 - 4. The 
values found are given in Table 7.2. The heterogeneity mode (2) at 125°C has a q*- 
dependent relaxation rate and an average KWW-exponent of 0.75. This exponent is lower 
than that above the ODT (p = 1.0) which is probably due to overlap with the slower 
modes. The diffusion coefficient is D2 = 7.6 x 10-‘5m2/s, i.e. a factor 4 lower than 
at l.?RC, which may reflect the hindered diffusion below the ODT due to the lameliar 
structure. Mode 3 has, as above the ODT, a q-independent relaxation rate (7s = 1.7 ms), 
and a KWW-exponent of 1.0. It reflects thus, as above the ODT, chain stretching. Mode 
4 has a q-independent .relaxation rate (~4 = 5.7 1s) and a KWW-exponent of 0.37. This 
mode is assigned to segmental reorientation and has the same characteristics as above the 
ODT. 
To summarise, in the ordered state, the cluster mode becomes very slow (lo3 s). Modes 
2-4 give rise to depolarized scattering which may be due to birefringence or to the diffusion 
of stretched chains along the lamellar interfaces. 
7.6.3 Sample SB14 (N=236) in the disordered state 
The findings with sample SBll in the disordered state were corroborated with a sample 
having an intermediate molar mass thus being slightly deeper in the disordered state. At 
llO”C, where measurements on SB14 were made, XIV = 8.9, which is lower than the value 
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Figure 7.17: Upper figure: Correlation function ofsample SB14 at 1lO’C measured in the 
polarised geometry at an angle of 9O’C. For clarity, only every fourth point is shown. The 
line is a fit using REPES. Middle figure: Correlation function of sample SB14 at 110°C at 
an angle of9O”C with the slow (1) and the fast mode (4) subtracted. (o, left axis) polarized 
geometry, every fourth point shown, (A, right axis) depolarized geometry. Lines are fits 
of a double KWW-function to the polarised signal and of a single KWW-function to the 
depolarized signal. Lower figure: Distribution functions corresponding to the correlation 
functions shown in the middle figure. 
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of N 10.5 for SBll at 135’C. The correlation function for the intermediate molar mass 
sample measured at 110°C (Fig. 7.17) is similar to that for sample SBll at 135°C. It 
is also dominated by the cluster mode. The relative amplitude remains approximately 
constant (9899%) between 90 and 130% The diffusion constant of the cluster mode 
(Dr = 1.4 x lo-r6 m2/s at llO”C, see Table 7.2) leads to a hydrodynamic radius of the 
duster of N 56 nm (7 = 36 Pas). Again, this value is much larger than the radius of 
gyration determined in SAXS measurements (4.3 nm). Correlation functions at 1lO’C 
after subtraction of the slow (1) and the fast (4) modes are shown in Fig. 7.17. As with 
sample SBll, mode 2 is not present in the depolarized geometry as can be seen from the 
distribution function (Fig. 7.17). 
The angular dependences of the relaxation rate, the KWW-exponent and the intensity 
at 1lO’C are shown in Fig. 7.18. Mode 2 has a &dependent relaxation rate, a KWW- 
exponent of about unity and a q-independent intensity within experimental uncertainty. 
The diffusion constant at 1lO’C is Dz = 5.8 x lo-l4 m2/s. This mode thus has the 
characteristics of the heterogeneity mode. From the diffusion constant and the viscosity 
(36 Pas), a correlation length of E = 0.13 nm is obtained. As with sample SBll at 135”C, 
this value is unrealistically low, probably because of the difference of macroscopic and 
local viscosity due to composition fluctuations. 
Mode 3 has a constant relaxation rate (Q = 1.1 ms), a KWW-exponent of about one 
and constant intensity. This mode is identified as the chain stretching mode. The relative 
intensity of thii mode is strongly dependent on temperature: The ratio of amplitudes of 
modes 3 and 2, os/(as+as), as determined by fits of double KWW-functions to mode 2 and 
3 increases when the ODT is approached by lowering the temperature: es/(ss+ca) = 0.04 
at 130°C, 0.3 at 1lO’C and 0.4 at 90°C. This is interpreted to mean that the chain 
conformation gradually changes from stretched to Gaussian chains, the deeper the sample 
is in the disordered state. Mode 4 has a constant relaxation time (~4 = 6.2 us) and a 
KWW-exponent of 0.5. The distribution seems to be a little narrower than for the other 
sample, but as only a small part of the decay is in the experimental time window, the value 
of the KWW-exponent is very uncertain. The intensity of this mode is angle-independent 
as expected for the segmental mode. 
To summarize, sample SB14 exhibits the same features as sample SBll in the dis- 
ordered state: four modes contribute to the correlation function which are identified as 
the cluster, heterogeneity, orientation/stretching and segmental modes. The stretching 
mode has a lower relative intensity with respect to the heterogeneity mode than was the 
case with sample SBll at 135’C. We attribute this finding to the fact that sample SB14 
at 110°C is deeper in the disordered state, and that the chain conformation is closer to 
Gaussian than was the case with sample SBll at 135’C. 
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Figure 7.18: Results from sample SBI4 at 11O’C. Upper figure: Relaxation rates T of 
modes 2 - 4 as a function of scattering vector, q, in a log-log-representation. (o) mode 
2, (A) mode 3, (x) mode 4. Filled symbols are from measurements in the depolarised 
geometry. Full lines are fits of constants, the broken line is a fit of a line with slope 
two. Middle figure: KWW-exponents 6 of modes 2 - 4 as a function of scattering vector. 
Same symbols as above. Lines are fits of constants. Lower figure: Total intensity and the 
intensities of the four modes as a function of scattering vector in a log-log-representation. 
(o) total intensity, (t) mode 1, the other symbols as above. Lines are fits of constants to 
modes 2 - 4. 
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7.7 The Gaussian-to-stretched-coil transition 
Figure 7.19: Correlation function ofsample SB05 at 70°C (left figure) and at 1lO’C (right 
figure). Both curves were measured in the polarised geometry at an angle 0 = 90’. For 
clarity, only every fourth point is shown. Lines are fits using REPES. 
With the lowest molar mass sample (SB05), a region deep in the disordered state could be 
studied. Measurements were made for this low molar mass sample between 65 and 150°C. 
These temperatures correspond to XN = 6.9 - 5.0. XN was thus much smaller than for the 
other samples (see Table 7.2). The overall pattern of behavior was found to be the same 
as for sample SBll having a higher molar mass studied in the disordered state. Thus, as 
shown in Fig. 7.19, the correlograms at 70 and at 1lO’C are dominated by cluster diffusion. 
From the diffusion coefficient of the cluster mode at llO”C, D1 = (4.8 + 0.2) x lo-r6 m2/s 
(Fig. 7.20) and the macroscopic viscosity, q = 4.3 Pas, a value of Rh = 140 nm was 
estimated for the clusters. The radius of gyration of the chains as determined by SAXS 
was 3.2 nm. The corresponding KWW-exponent for mode 1 is somewhat greater than 
one, especially for large scattering angles (Fig. 7.20). The reasons are still unclear. 
Fig. 7.21 compares the polar&d and depolarized correlograms at 70°C at an angle of 
90”. Mode 2 is clearly seen in the polarized function, but does not appear in the depolarised 
correlogram. Mode 3 cannot be investigated without ambiguity at 7O’C because, with this 
sample, it overlaps the segmental mode. (The segmental mode is much slower than at the 
higher temperature because the sample is close to the glass temperature.). The polarized 
correlogram at 110°C (Fig. 7.21, middle figure) shows that mode 2 is shifted strongly to 
shorter relaxation times compared to the correlogram at 70°C. In the distribution function 
of this correlation curve (Fig. 7.21), mode 2 is of much higher amplitude than mode 3. 
The depolarised spectrum at 110°C is too weak to reveal the low amplitude mode (3) 
expected at about 1 ms. In the polarized correlation function, the heterogeneity (2) and 
the stretching mode (3) are observed as for the higher molar-mass samples. Mode 2 
is dominant in intensity: the ratio a2/(as + as) is found to be 0.9. These findings are 
interpreted to mean that, deep in the disordered state, the melt is more homogeneous 
than close to the ODT and the chain conformation is close to Gaussian. Therefore, the 
stretching mode has a very low intensity. Fig. 7.20 shows the dependences of the average 
relaxation rates, the KWW-exponents and the intensities of modes 2 - 4 us. scattering 
vector at 110°C. Mode 2 is close to single-exponential (S = 1.0 & 0.1) and appears to 
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Figure 7.20: Results from sample SB05 at 11DoC. Upper figure: Relaxation rates r of 
modes 1 - 4 as a function of scattering vector, q, in a log-log-representation. (+) mode 
1, (o) mode 2, (A) mode 3, (x) mode 4. Filled symbols are from measurements in the 
depolarized geometry. The fitted lines have a slope of two for modes 1 and 2 and a slope 
of zero for modes 3 and 4. Middle figure: KWW-exponents p of the four modes as a 
function ofscattering vector. Same symbols as above. Lines are fits of constants to modes 
2 - 4. Lower figure: Total intensity and the intensities of the four modes as a function of 
scattering vector in a log-log-representation. (0) total intensity. Other symbols as above. 
Lines are fits of constants to modes 3 and 4. 
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Figure 7.21: Upper figure: Correlation function of sample SB05 at 70°C measured in the 
polarised (o, left axis) and depolarised geometry (a, right axis) at an angle of 90”. The 
cluster mode was subtracted. For clarity, only every fourth point is shown. Lines are fits 
using REPES. Middle figure: Correlation functions of the same sample at 1loOC measured 
in the polarised and depolarized geometry at an angle of 900. Same symbols as above. For 
clarity, only every fourth point of the polarised curve is shown. The lines are fits using 
REPES. Lower figure: Distribution function corresponding to the polar&d correlation 
function shown in the middle figure. 
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be diffusive with a diffusion coefficient Dz = 1.3 x lo-l3 m2/s. Using the macroscopic 
viscosity (7 = 4.3 Pas), a correlation length of 0.51 nm can be deduced. This value is 
higher than the values obtained with samples SBll and SB14 (although still unrealistic) 
possibly because the local viscosity experienced by the diffusing polymer is closer to the 
macroscopic viscosity than was the case with the other two samples. This could be due to 
the low XN-parameter of sample SB05 at 110°C (xN N 6) compared to the other samples 
(see Table 2)) meaning that concentration fluctuations have a lower amplitude. This mode 
has a weakly q-dependent intensity in the q-range studied, the reasons being unclear. 
Mode 3 which is single-exponential (p = 1.0 & 0.1) appears to have a constant re- 
laxation time (7s = 1.1 ms). This value is similar to the value found for SB14 at the 
same temperature. The intensity of this mode is q-independent and much lower than the 
intensity of mode 2 as discussed above. This mode is interpreted as the stretching mode. 
The fastest mode (mode 4) has 74 = 1.8 IS, a ~-value of about 0.5 and a q-independent 
intensity. It thus has the same characteristics as the segmental mode seen with the other 
two samples, but the distribution is slightly narrower. 
The temperature behavior of the cluster mode of sample SB05 was studied between 65 
and 15O’C. The relative amplitude of the cluster mode (9498%) and the hydrodynamic 
clusterradius (50230 nm) remain approximately constant between 70 and 11O’C. 
The distribution functions of sample SB05 (mode 2 and 3) are shown in Fig. 7.22 at 
different temperatures between 65 and 135’C. The relative intensity of mode 3 decreases 
with increasing temperature. This is illustrated by the plot of the ratio us/(as + us) 
versus temperature (Fig. 7.22). The relative amount of the stretching mode decreases with 
increasing temperature, which is consistent with the picture of increasing homogeneity at 
higher temperature. At 15O’C where the stretching mode disappears, the XN-value is 
5 f 2. This value is consistent with the value of XN N 6 given in [9, 221 for PEP-PEE 
diblock copolymers. A possible explanation is that the chains are oriented and stretched 
in the disordered state for XN > 5, but gradually become Gaussian at XN < 5. In this 
case, DLS thus allows study of the Gaussian- to stretched-coil transition. 
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Figure 7.22: Upper figure: Distribution functions ofsample SB05 at various temperatures 
(mode 2 and 3). Lower figure: Relative intensity of mode 3 ofsample SB05 as a function 
of temperature (corresponding to the upper figure). 
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7.8 Conclusion 
Three symmetric low molar mass poly(styrene)-poly(butadiene) diblock copolymers have 
been studied in the disordered and in the ordered state using dynamic light scattering. 
As the correlation functions were dominated by a mode of very high intensity, a newly 
developed subtraction routine was applied [135]. 
In the disordered state, four dynamic processes are identified which reflected the non- 
homogeneity of the system. In the depolarized geometry, two modes are observed: a 
broad decay related to the segmental reorientational dynamics of the polystyrene blocks, 
and a slower, nearly single-exponential mode. The latter is interpreted to be due to chain 
orientation and stretching in the compositional fluctuation field. However, it might partly 
derive from an internal mode which could contribute to the polarised scattering. In the 
polarised experiments, two additional diffusive processes are observed: the heterogeneity 
mode related to self-diffusion of individual copolymer chains and to the polydispersity in 
polymer composition, and a very slow mode due to translational diffusion of large clusters 
(‘long-range density fluctuations’), giving the dominant intensity. 
Just below the ODT temperature, the slowest mode is shifted to very long times 
(- 1000 s), which might be related to cluster diffusion as in the disordered state or to 
diffusion of lamellar grams. The segmental reorientation mode is partially observed at the 
fast end of the experimental time window. The stretching mode is well represented. The 
heterogeneity mode gives rise to depolarised scattering, which is interpreted in terms of 
birefringence of the lamellar, polycrystalline sample or in terms of the orientation of the 
diffusing chains below the ODT. 
With the middle and the lowest molar-mass copolymer, the behavior deeper in the dis- 
ordered state was studied. The chain-stretching mode has a lower relative amplitude than 
for the higher molar-mass samples, because the chain conformation is closer to Gaussian 
than in the vicinity of the ODT. When the temperature is increased, the relative amplitude 
of the stretching mode compared to the heterogeneity mode decreases. With the lowest 
molar-mass sample, the stretching mode vanishes at 150°C, corresponding to a XN-value 
of N 5. This is interpreted to reflect the fact that, deep in the disordered state, the concen- 
tration fluctuations are lower in amplitude than close to the ODT and the chains become 
Gaussian, which corresponds to the Gaussian- to stretched-coil transition. The finding is 
consistent with the non-Gaussian scaling of the characteristic lengthscale with chainlength 
observed in the disordered state close to the ODT using small-angle X-ray and neutron 
scattering (Chapter 5 and [29]). The value XN N 5 corresponds to the low XN-limit of 
the intermediate-segregation regime. In addition, the value XN N 5 corresponds nicely 
with the value of (XN)GST N 6 reported for poly(ethylene propylene)-poly(ethyl ethylene) 
P, 221. 
Future work on the dynamics of diblock copolymer melts could focus on the stretching 
mode which could give valuable information on chain conformation. However, a sample 
should be chosen where the cluster mode is lower in amplitude than was the case with the 
present sample. 
Conclusion 
The structure and dynamics of symmetric diblock copolymers have been studied focusing 
on the chain conformation in different regions in phase space., 
A homologous series of eleven symmetric polystyrenepolybutadiene diblock copoly- 
mers having narrow molar-mass distributions was synthesised using anionic polymerisa- 
tion. The samples were characterised using various techniques (SEC, NMR, DSC, and 
dynamic mechanical measurements). The Flory-Huggins segment-segment interaction pa- 
rameter was estimated from the order-disorder transition (ODT) temperatures determined 
in dynamic mechanical measurements. As the interaction parameter is relatively high, 
studies deep in the ordered state are possible. 
One part of the thesis dealt with the scaling of the characteristic lengthscale with chain 
length. A homologous series of symmetric polystyrene-polybutadiene diblock copolymers 
in the bulk was prepared using various techniques: melting, annealing, solvent-casting 
and shear alignment. In this way, the existence of non-equilibrium states could be tested. 
The characteristic lengthscale was not observed to depend on the preparation method 
used which indicates that the samples are in thermal equilibrium. The scaling of the 
characteristic lengthscale with chain length was determined in a combined SAXS-and 
SANS-study. It was found that the characteristic lengthscale scales with chain length 
like D a: Nos for XN > 30. This regime is identified as the strong-segregation limit. In 
this region, the lamellar interfaces are narrow. For XN < 30, the characteristic lengthscale 
scales with chain length like D K Nos. This regime is the intermediate-segregation regime. 
The density profile is smooth, both in the disordered and the ordered state. The crossover 
between these regimes in the ordered state is identified at XN N 30 in consistency with 
theoretical approaches. 
In a temperature study with one sample in a region around the ODT, it could be 
verified that the characteristic lengthscale does not change discontinuously at the ODT. 
The variation of the characteristic lengthscale with temperature is stronger than expected 
for Gaussian chains, indicating that the chains are stretched at the ODT temperature. 
The peak intensity decreases discontinuosly at the ODT temperature and the peak width 
increases. This is consistent with the prediction that the ODT is a first order phase 
transition. 
A dynamic light scattering study on three low molar-mass samples focused on the 
dynamics of disordered samples in the bulk. Four dynamic processes were identified in 
the disordered state close to the ODT: cluster diffusion (long-range heterogeneities on a 
lengthscale of N 100 nm), single-chain diffusion due to heterogeneity in polymer compo- 
sition, a process attributed to chain stretching and orientation related to concentration 
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fluctuations and the segmental reorientation of polystyrene. The two latter processes give 
rise to depolarised scattering. In the ordered state, the cluster mode is shifted to very long 
times and all processes give rise to depolarised scattering, which reflects the anisotropy 
of the lamellar state. With two samples having lower molar mass, the stretching mode 
was observed to decrease in intensity, the deeper the samples are in the disordered state. 
This mode vanishes at XN N 5, which is attributed to the Gaussian- to stretched-coil 
transition. 
In summary, we have identified the intermediate-segregation regime between the Gaus- 
sian regime and the strong-segregation limit. It is located between XN N 5 and 30. In 
this regime, the chains are stretched. The density profile is smooth, both in the disordered 
and the ordered state. 
The present thesis shows that, in spite of their simple architecture, diblock copolymers 
in the bulk display complex structural and dynamic properties. No theory describing the 
Gaussian regime, the intermediate-segregation regime and the strong-segregation limit 
simultaneously exists so far. However, the scaling concept can successfully be applied 
within the various regimes. 
It has been predicted, that the scaling behavior of the lamellar thickness is closely 
related to the shape of the density profile. Future work could focus on the density pro- 
file, i.e. the interfacial width in the intermediatesegregation regime and in the strong- 
segregation limit. In addition, the stretching mode seen in the dynamic light scattering 
experiments could be studied in more detail. However, a sample should be chosen where 
the cluster mode is not as dominant as with the present samples. 
Appendix A 
A vacuum oven for sample 
preparation 
A vacuum oven for sample preparation (Chapter 4) was designed. It should meet the 
following requirements: 
l Temperatures of up to 200°C should be attainable. 
l The temperature gradients should be small. 
l The base pressure should be below 1 mbar. 
l The oven should be fast to cool down. This was especially important during sample 
preparation, because the polystyrene-polybutadiene samples may not be exposed to 
air while they are at high temperature. 
l The oven should have a window such that one can look inside. 
The oven is shown in Fig. A.1. It is cylindric, N 20 cm high and has a diameter of 
N 10 cm. The housing is made of stainless steel. A window is installed on one side. It is 
made of hardened glass (Euro-Glass) and has a diameter of 10 cm. 
The oven contains a copper inset which consists of a thick copper bottom, copper 
walls, and a copper lid on top. It is constructed in this way in order to avoid temperature 
gradients. The hole which is nearly as large as the window can be shielded (see below). 
The bottom is heated by means of a Thermocoax heating element. This heating element 
is N 1 mm thick and has a middle section where it becomes hot upon applying a voltage. 
This section is mounted to the bottom of the copper inset. The temperature in the inset 
is measured by means of a thermocouple (Type K). The thermocouple is mounted to the 
inner side of the copper inset, close to the sample. The heating wire and the thermocouple 
are connected to a temperature controller (Omron E5CW). The temperature stability is 
assumed to be 3~0.5’C. Temperatures of 25O’C can be reached within one hour. 
Around the copper inset, a shielding made of a stainless-steel sheet is installed. This 
shielding has a hole at the window side. An extra shielding can be inserted in front of the 
window, in case one wants to avoid radiation losses through the window. 
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Figure A.l: Schematic drawing of the vacuum oven for sample preparation. 
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The oven can be cooled rapidly by means of pressurised air which is passed through 
the copper bottom. The bottom consists of two plates. In one of the plates, a groove is 
milled. The two plates are welded together and two stainless-steel tubes are welded to the 
outlets of the groove (only one of the tubes is shown in Fig. A.l). The tubes are lead out 
of the vacuum oven. In order to avoid a heat leakage, they are bent as shown in Fig. A.1. 
Passing pressurized air through the copper bottom is very effective in cooling the oven 
down to room temperature: in less than one hour, the oven is cooled from 150 to 30°C. 
Without the use of pressurized air, it takes at least 6 hours. 
The oven is connected to an Edwards double-stage pump. A foreline trap is installed 
in order to avoid getting pump oil into the oven. If necessary, a cold trap can be installed 
between the oven and the pump. The pressure is measured using a Pirani 501 gauge. The 
base pressure of the system is 0.03 mbar. 
The oven is used for drying of samples and for annealing and solvent-casting (Chap 
ter 4). 
Appendix B 
Calculation of the scattering 
intensity 
In Chapter 5.3, the scattering intensity of a lamellar structure having sharp interfaces was 
presented. The intensity was calculated as the product of the form- and the structure fac- 
tor. The scattering intensity can also be written as the modulus squared of the scattering 
amplitude, which is a more straightforward way of calculating the intensity. The results 
from Chapter 5.3 are recovered. 
Consider a sample which has a lamellar density profile p(z) in z-direction and is 
isotropic in z- and y-direction (Fig. 5.7). This corresponds to a single crystal. The 
scattering amplitude of such a sample is given by the Fourier transform of the density: 
(N-1)D 
A(q) = / o!zp(z)eiq* 
0 
(B.1) 
which yields for lamellae (Eq. 5.32) 
(n+4P 
dz ple”g” + 
J 
?%D 
= $ [pl(,iqD _ @') + pz(e"q4D _ l,]y &Dn 
n=O 
(J3.2) 
P.3) 
Using Eq. 5.37, the scattering intensity, I(q), is given by 
I(q) = A(q 63.4) 
2 sin’ (qDiV/2) zz- 
q2 sin2(qD/2) (B.5) 
x{pt[l -cos(q(l- VW)] +P% - cos(qWlI 
+pm[-1 + co++- 4)D) + cos(qD) t cos(sD4)13 
(B.6) 
(B.7) 
which is rearranged: 
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I(q) = L x 
sins(qDiV/2) 
42 sm2(qD/2) 
G3.8) 
X{(PZ - PI)~ + PIP~[~ - cos(qD)l P.9) 
+(PZ - PI)[PI cos(q(l - &JP) + PZ co&f411 (B.10) 
The result from Eq. 5.38 is thus recovered setting p2 - p1 = Ap and p1 = 0 (Fig. 5.8). 
In the calculation presented in Chapter 5.3, the intensity was written as the product of 
the formfactor of one lamella and the structure factor of the onedimensional lattice. The 
density profile of one lamella was written relatively to the density p1 and only the difference 
Ap = p2 - p1 entered the calculations. In the approach presented here, the densities pz 
and p1 enter explicetely. 
For symmetric lamellae (4 = 0.5), Eq. B.10 reads 
I(q) = 4 x 
sin2(qDN/2) 
42 sm2(qD/2) 
(B.11) 
(B.12) 
In the general case, the peak height is found setting q = 2xk/D, where k is an integer. 
According to 1’Hospital’s rule, the term sinZ(qDN/2)/sin2(qD/2) converges to Ns for 
q = 2ak/D. Thus, the peak height is given by 
- Pd2 + (~2 - PI)[~I cos(2nk(l- 4)) - pz cos(2lrkd)]} (B.13) 
which, in case of symmetric lamellae, becomes 
and Eq. 5.39 is recovered. 
Appendix C 
A sledge for measuring the beam 
length profile 
In order to measure the beam length profile, a sledge for sidewards movement of the 
TPF filter unit together with the detector was designed. It should meet the following 
specifications: 
l The total travel path should be h2.5 cm around the middle position. 
l The sidewards position should be reproducible within 0.2 mm. 
l Movement of the filter and detector should be possible with the camera main body 
and the filter unit evacuated. 
l The construction should be easy to mount and easy to demount. 
The sledge is shown schematically in Fig. C.l. It consists of two brass plates connected 
by means of a rail/carriage system. One plate (the ‘fixed plate’) is attached to the camera 
main body. The hole for the beam in this plate is 5 cm wide and 5 cm high. The other 
plate is screwed onto the filter unit and is referred to as the ‘movable plate’. The hole 
for the beam in this plate is 13 cm wide and 5 cm high, such allowing the beam to pass 
also in the o&enter positions. A well-greased O-ring around the hole assures vacuum in 
the camera and filter unit. It is possible to move the filter without breaking the vacuum. 
The overall thickness of the sledge is 1.8 cm, such increasing the sample-detector distance 
from 26.7 to 28.5 cm. 
The rails are mounted above and below the camera main body. The L-shaped design 
of the fixed plate allows to save weight by using plates which are only 8 mm thick. The 
rail-carriage system KUME 9 from INA-lejer A/S (Fig. C.2) has been chosen because of 
the small size of its carriages and rail: the absolute height of the carriage mounted on the 
rail amounts only to 10 mm. This system has low friction, which facilitates gliding, and 
can simultaneously bear a high load (several kilograms). 
The ball-screw allows positioning of the filter unit. A miniature screw SHBO 10 x 2R 
from SKF A/S has been chosen. The diameter of the spindle is 10 mm and the diameter 
of the screw 19.5 mm. One turn corresponds to a displacement of 2 mm. The maximum 
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the ball screw 
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TPF ffitar unit 
Figure Cl: Schematic drawing of the sledge mounted between the camera main body and 
the TPF filter unit. Shown are the two plates and the rail/carriage system. On top of the 
filter unit, a ball screw is mounted in a housing, the spindle being fitted to a ball-bearing. 
A handle aJJows positioning. The position of the movable plate is read off using a ruler. 
For details see text. 
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Figure C.2: Left figure: The design of the ball screw. Adopted from [lSl]. Right 
The rail/carriage system FUME. Adopted from 11521. 
20,“‘,,~ /, I,,,,/,,, / , ,,/,, //( 
J 
figure: 
Figure C.3: Beam length profile measured using the siege. The beam length was 10 mm. 
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axial play is specified to be 0.03 mm. The screw is mounted in a housing on top of the 
filter. The end of the spindle is fitted into a ball-bearing (model 3200A-2ZTN9 from SKF 
which has a very small axial play). The ball-bearing is fitted into a brass stripe, which is 
attached to the fixed plate. A handle mounted on the end of the spindle allows positioning. 
Turning the handle by 10” corresponds to a displacement of N 0.06 mm. 
The position of the movable plate is controlled using a ruler, which is glued on top of 
the fixed plate. The position of the edge of one of the carriages can be read off within 
f0.5mm, which is considered sufficiently precise. 
A beam profile measured with a beam length of 10 mm and a beam width of 15 pm 
is shown in Fig. C.3. A brass absorber of 0.5 mm thickness was mounted in front of the 
collimation block. A flat sample holder covered with lead was installed in the camera, 
such that the beam could freely pass. The filter in the TPF filter unit was installed at the 
lowermost position, such that it was not in the beam. Spectra were taken in each position. 
The data plotted were obtained by integrating over the width of the direct beam (10 
channels). The measured profile can be nicely approximated by a trapezoid, as expected 
from geometrical considerations. 
Appendix D 
SAXS-measurements using a 
Huxley-Holmes camera 
(SAXS-study in collaboration with Didier Gazeau, ‘Service de Chimie MolCculaire’, Centre 
de 1’Enegie Atomique, Saclay, France, Lise Arleth and D&he Posse& IMFUFA. The 
experiments were canz’ed out at the ‘Service de Chimie Mol&ulaire’ in the laboratory of 
Thomas Zemb.) 
The Huxley-Holmes-camera used in this study is a pinhole setup with a monochrom- 
atized beam. Two low molar-mass samples were studied in order to compare the spectra 
with data obtained with the Kratky-camera. One sample was disordered at the temper- 
ature chosen (15O’C), the other sample was shear aligned and measurements were made 
in the shear aligned, in the disordered and the quenched, polycrystalline state. As will 
be established below, the measurements using the Huxley-Holmes camera corroborate the 
values of the peak positions as determined with SANS using the instrument at FM and 
with SAXS using the Kratky-camera. 
Sample preparation 
sample N ODT/ “C preparation method 
SB05F 156 -21 Ifr 10 pressed at 100°C under a nitrogen atmosphere 
SBllB 310 130 f 1 heated to 130°C 
shear aligned at 119°C for 155 min 
with 1.0 rad/s and 50 - 200% 
Table D.l: Sample preparation. Given aire the chain length, N, the ODT temperature 
and the preparation method. In case of shear alignment, temperature, duration, shear 
rate and shear amplitude are given. Details of the preparation methods are given in the 
text. 
The parameters used for the preparation of samples SB05F and SBllB are given in 
Table D.l. The samples were not stabilised. However, we consider the effect of crossiink- 
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ing of the polybutadiene blocks on the structure negligible, firstly, because the samples 
were not kept at high temperatures longer than some hours, and secondly, because our 
experience is that crosslinking only has a minor effect on the characteristic lengthscale 
(Chapter 5.4 and 5.5). 
The pills used for scattering experiments were prepared in an F&IS-800 rheometer in 
the parallel-piate geometry The instrument is described in Chapter 3.3 (Fig. 3.6). Pills 
having a diameter of 50 mm and a height of ca. 1 mm were pressed and inserted between 
the plates. Sample SBO5F was heated to IOO’C and pressed under a stream of nitrogen 
gas. Sample SBllB was shear aligned as described in Chapter 4. 
The setup 
Figure D.l: Schematic drawing of the Huxley-Holmes camera at Saciay. Adopted from 
11531. 
/ beam 
Figure D.2: The way of mounting samples in the Huxley-Holmes camera. The shear 
direction is I and the shear gradient is parallel to y, A sample oriented perpendicular to 
the shear plane is shown. 
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The camera used at Saclay was a Huxley-Holmes camera [154] (Fig. D.1) which is described 
in detail in 1104, 1531. It is characterised by a collimation section leading to a well- 
focused, pointlike, monochromatic beam of high Aux. The X-ray source is a rotating 
Cu-anode (X = 1.54 A) operated at 15 kW. The beam is collimated and monochromatised 
by a bent glass mirror, covered with nickel, together.with a bent germanium crystal and 
two slits. The tube containing the collimation system as well as the detector tank are 
evacuated in order to minimize parasitic scattering. The sample stage is kept in air. In 
the experiments described her, samples were mounted between kapton foil in the same 
sample holder as used in the Kratky-camera (Fig. 5.14). In order to minimize crosslinking 
of the polymers, a shielding was mounted around the sample holder which was flushed 
with nitrogen during the experiments at high temperatures. The shielding had windows 
for the beam. Kapton tape was glued onto these windows. Samples were mounted such 
that the beam impinged perpendicular to the pill surface. With shear aligned samples, 
the vertical axis of the detector corresponds thus to qz and the horizontal axis to q2 (Figs. 
D.2 and D.3). The sample-detector distance is 2.15 m. The detector is a multiwire area 
detector having a diameter of 30 cm and a pixel size of (1.8mm)‘. The length of one pixel 
side thus corresponds to ca. 3.4 x 10-3A-‘. In order to increase the q-range, the detector 
is positioned such that the direct beam hits off-center. The q-range of the instrument is 
0.01 - 0.7 A-‘. q-calibration was performed measuring the pixel size in real space units 
(1.8 mm) and transforming pixels into q-values. The calibration was verified using various 
samples such as collagen fibers from kangaroo tails [104]. A semi-transparent beamstop is 
mounted in front of the detector, allowing the simultaneous determination of the position 
and the intensity of the direct beam. In the present study, the integrated intensity of the 
image of the direct beam behind the beamstop was also used as a measurement of the 
transmission. The transmission of the empty holder with kapton together with the kapton 
windows of the shielding was found to be 0.67. Measuring times were between 1500 and 
4000 sec. 
Data analysis 
Data analysis was performed using standard Saclay software [155]. Isotropic spectra were 
azimuthally averaged using masks covering the beamstop and regions of the detector where 
the sensitivity was reduced or where parasitic scattering occured. The spectrum of the 
shear aligned sample was anisotropic. It was analyzed using stripes of 5 pixels width in 
the four directions in order to get information about the degree of alignment (Fig. D.3). 
The azimuthally averaged intensity was normalised according to [104, 1551 
where I,,,, denotes the normalized intensity, Icount the measured intensity, #Jo the flux 
incident on the sample, d the sample thickness, T, the sample transmission, E the detector 
efficiency, and As2 the solid angle for detection. The solid angle of one pixel is given by 
AR = a2/D2 where a is the pixel size of the detector and D the sample-detector distance. 
Furthermore, the flux of non-scattered photons through the sample per unit of time is 
given by &,T, = MK/(tc), where M denotes the monitor (the number of photons counted 
behind the beamstop during the time t) and K = 131327 the attenuation factor of the 
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Figure D.3: Rectangular areas (1 - 4) used for azimuthal averaging of anisotropic spectra. 
The white ellipse is the beamstop. The shear aligned sample (SBllB) was mounted such 
that the vertical direction corresponded to qz and the horizontal direction to qz. The arcs 
indicate the positions of the diffraction peaks from shear aligned samples. 
beamstop. Assembling all expressions, one finds [104] 
Background spectra from the empty sample holder were treated in the same way and were 
subtracted as follows 
P.3) 
where s and bg stand for sample and background. I(q) is given on an absolute scale [155]. 
Lorentz-functions 
I(q) = 
IO 
1+ (4 - 4’12f2 
+ Ibg P.4) 
were fitted to the peaks in the azimuthally averaged and normalised spectra. I,, q’, .$, and 
Ibg denote the peak intensity, the peak position, the correlation length and the background. 
l/E is the half width at half maximum of the peak. As the spectra are subject to smearing 
due to the beam size, the peak width can only be evaluated qualitatively. 
Results and Discussion 
The twedimensional spectrum of sample SB05F at 15O’C (Fig. D.4) shows an isotropic 
broad ring of scattering as expected for a disordered sample. The azimuthally averaged 
spectrum displays a broad peak (Fig. D.5). A Lorentz-function was fitted to the range of 
0.04-0.3 A-’ yielding a good fit over the whole range. The fitting parameters are given in 
Table D.2. A peak position q* = (6.10 f 0.17) x lO-‘A- is found which coincides nicely 
with the peak position found using the Kratky-camera (q” = (6.20 + 0.09) x 10-2.k’, 
Chapter 5.4). The correlation length is [ = (29.8 + 0.4) A which is lower than 2x/q’ = 
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103 A. The latter value represents the characteristic lengthscale of fluctuations, defined in 
terms of a Bragg reflection. The correlation length should thus be equal to or larger than 
this value. The discrepancy is attributed to the fact that the spectrum was not desmeared 
for the beam size effect. 
sample d/mm state T/T T, q*/A-1 &/cm-’ e/A 
SBOSF 0.8 molten 155 0.34 (6.10 i 0.17)10-s 0.833 i 0.004 29.810.4 
SBllB 1.05 shear aligned 120 0.31 (3.90 zlz 0.17)10-a 373i52 68Oi 110 
1.25 molten 150 0.25 (3.93 5 0.17)10-2 8.15 k 0.07 122i2 
1.25 quenched 120 0.25 (3.73~0.17)10-2 31.6 zt 1.6 268zk20 
(4 (3.82~0.17)10-2 0.542f0.015 28Ort12 
Table D.2: Results from the measurements using the Huxley-Holmes camera. Given are 
sample thickness, measuring temperature, sample transmission, peak position, q’, peak 
height, IO, and correlation length, E. The errors on q* are assumed to be 0.5 pixels. (a) 
Results from the quenched sample after multiplication with the Lorentz-factor 4xq2. 
In order to compare the azimuthally averaged spectrum of SB05F with the spectrum 
obtained using the Kratky camera, a slit-smeared Kratky-spectrum together with the 
corresponding desmeared curve is shown in Fig. D.5. Desmearing of the Kratky-spectrum 
for the beam length and width effect reveals the peak position but the peak shape is 
different from the pinhole spectrum which is attributed to the’smearing effect in the 
pinhole spectum. In both the Kratky- and the Huxley-Holmes-spectrum, a rise of the 
intensity towards low values of the scattering vectors (q < q*) is observed. It might be due 
to a non-vanishing compressibility and the corresponding density fluctuations on a large 
scale which were also observed with dynamic light scattering [109] (Chapter 7). Another 
reason might be voids or other inhomogeneities. 
The spectrum of a shear aligned sample (SBllB) at 120% is shown in Fig. D.6. 
Two diffraction peaks are seen above and below the beamstop, which indicates that the 
sample was oriented such that the lamellar interfaces were perpendicular to the shear plane 
(Fig. 4.3b). The azimuthally averaged and normalised spectrum is shown in Fig. D.7. 
Spectra in q,-direction (stripe 1 in Fig. D.3) and in q,-direction (stripe 3) are shown. 
Unfortunately, the beamstop is wider than high such that scattering in q,-direction cannot 
be resolved properly. However, it can be seen that the sample is oriented to a high degree. 
The parameters found from fitting a Lorentz-function to the q,-data are given in Table 
D.2. As the diffraction peak in q,-direction is as narrow as the direct beam, the value of 
the correlation length [ has to be taken as a lower limit. Estimating the average number 
of lamellae (Eq. 5.45) gives N, = 2.783[q*/(2n) = 12 zh 2. As < is underestimated deu to 
the smearing effect, the value of iV, has to be taken as a lower limit. 
The sample was subsequently heated over the ODT temperature and a spectrum was 
measured at 15O’C. The two-dimensional spectrum shows diffuse isotropic scattering sim- 
ilar to sample SB05F (Fig. D.6). Azimuthal averaging over all directions, normalisation 
and background subtraction gives the spectrum shown in Fig. D.7. As with sample SB05F, 
a broad peak is observed together with a rise in intensity at low q-values. The intensity 
found by fitting a Lorentz-curve to the peak is a factor 46 lower than the intensity of 
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Figure D.4: Two-dimensional spectrum of SBO5F at 15oOC. 
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Figure D.5: (o) Spectrum of SBOSF at 150°C measured using the Huxley-Holmes camera. 
The line is a fit of a Lorentz-function. (A) Spectrum of SBI05B at 15PC measured using 
the Kratky-camera. For clarity, only every second point is shown. The fine is the curve 
desmeared for the beam length and width effect. For clarity, the Kratky-spectra are shifted 
upwards by 0.05. 
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Figure D.6: From top to bottom: Two-dimensional spectra ofshear aligned SBll at 120°C 
(oriented), 150°C (disordered) and 12O’C (quenched). Only parts of the spectra are shown 
(around the beamstop). 
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Figure D.7: Spectra of SBllB measured using the Huxley-Holmes camera. Upper figure: 
Shear aligned SBllB sample at 12oOC. [o) q,-direction. The line is a fit of a Lorentz- 
function to the q,-spectrum. (A) q,-direction. The intensity of the q,-spectrum is multi- 
plied by a factor of 10. Middle figure: Molten SBllB sample (150°C). (o) experimental 
data. The line is a fit of a Lorentz-function. Lower figure: Quenched SBllB sample 
(12O’Cj. (01 experimental data. The line is a fit of a Lorentz-function. 
the diffraction peaks of the shear aligned sample (Table D.2). The peak position has not 
changed within the error bars. The correlation length is estimated to be (122 +2) .& thus 
a factor of six lower than in the shear aligned state. 
After melting, the sample was cooled down to 120°C. The obtained spectrum is also 
isotropic, but the ring is much sharper indicating that the sample is ordered again but the 
lamellar domains are randomly oriented (Fig. D.6). Azimuthal averaging using the whole 
angular range, normalization and background subtraction results in the spectrum shown 
in Fig. D.7. The upturn of the intensity is attributed to scattering from the domains. 
This upturn was absent in the spectrum from the shear aligned sample. Fitting a Lorentz- 
funtion to the peak yields a somewhat lower peak position than before (q’ = (3.73GzO.17) x 
10m2A-l). However, because of the low q-resolution, the difference cannot be elaborated 
in detail. Multiplying the intensity with the Lorentz-factor for polycrystalline samples, 
&q2, and fitting a Lorentz-function to the resulting curve yields a slightly higher peak 
position: (3.82 i 0.17) x 10m2A-l (Table D.2). It should be noted that multiplication 
with a Lorentz-factor is only appropriate after desmearing, which means that the present 
calculation is only valid if the smearing effect of the instrument is negligible. This is 
probably not the case here. However, with the resolution present it is not possible to 
decide whether the difference in peak position between a shear aligned and a quenched 
sample is real. 
Figure D.8: Spectra from SBl I samples at 150°C. Full line: Lorentz-function fitted to 
the Huxley-Holmes-spectrum. Dashed line: spectrum measured with the Kratky-camera 
which was desmeared for the beam width and length effect. Dotted line: Lorentz-function 
(not smeared) fitted to the SANS-spectrum measured at R.&X The spectra are scaled such 
that they coincide in the top point. Before scaling, a background was subtracted from the 
SANS- and the Huxley-Holmes-spectrum. 
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In Fig. D.8, spectra of sample SBll measured at 150°C with the Huxley-Holmes- 
camera, the Kratky-camera and the SANS-instrument at His.0 are shown. The peak 
positions are equal within 3% (Table D.3). The values of the correlation length as de- 
termined from desmeared SANS- and Kratky-spectra are very similar. This can be seen 
from Fig. D.8: the larger the correlation length, the narrower the peak. The E-value de 
termined with the Huxley-Holmes camera is somewhat lower which is attributed to the 
smearing of the Huxley-Holmes-spectrum. 
instrument q=/A-’ SIB, 
Huxley-Holmes (3.93 +0.17)10-s 122 i 2 
Kratky (3.98 zt 0.09)10-2 200 f 3 
SANS (3.85 f 0.11)10-2 180 f 10 
Table D.3: Results from the measurements of sample SBll at 15oOC using the Huxley- 
Holmes camera, the Kratky camera and the SANS instrument. Given are the peak position 
and the correlation length. 
Conclusion 
The measurements using the Huxley-Holmes corroborate the results from measurements 
with the Kratky-camera and those found using SANS. The peak positions are equal within 
3 %. However, as the Huxley-Holmes spectra are subject to smearing due to the beam 
size, no quantitative conclusions can be drawn from the peak width. Sample SB05F is 
disordered at 150°C and displays a broad peak, as expected. With sample SBll which has 
an ODT temperature of 130°C, it was qualitatively possible to study the peak shape in 
the oriented, the disordered and the quenched, polycrystalline state. The two-dimensional 
spectrum of the oriented sample displays two sharp peaks. In the disordered state, the 
two-dimensional spectrum is isotropic and displays a broad peak. In the quenched state, 
the two-dimensional spectrum is isotropic, but the peak is sharper than in the disordered 
state. This shows that the sample is ‘polycrystalline’, but the peak is sharper than in 
the disordered state. The spectra measured at 150°C corroborate the values of the peak 
positions found with the Kratky-camera and with SANS (Chapters 5.4 and 5.5). 
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